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ABSTRACT
The time response of pore pressure measurements is evaluated through
theoretical and experimental considerations of a proposed slurry penetrometer.
Theoretical considerations include the derivation of a model which governs time
response of the penetrometer system based on a balance of flow calculation. The
experimental program contains three test series designed to verify the theoretical model.
A theoretical model of time response is developed based on balance of flow
calculations across the porous element in a penetrometer. The components of the model
include: the compressibility of water, the expansion of the penetrometer shaft, the
deflection of the pore pressure transducer diaphragm, and the physical characteristics of
the porous element (permeability, porosity, diameter, and thickness). The
compressibility of the transducer is the most important of these factors. The transfer
function of any penetrometer system can be calculated using the theoretical model.
An experimental program is implemented to determine the actual transfer
function of the proposed penetrometer. Based on the theoretical model, instrumentation
is suggested for a penetrometer which can be used in slurries. The proposal for the
penetrometer instrumentation includes information about the load cell, the pressure
transducer, the porous element, and the shaft. The experimental program is conducted
using this proposed penetrometer which has a porous element made of stainless steel
with average pore size of 40microns. Through the experimental program, equipment is
developed to measure the time response for two types of pressure inputs: burst pressures
and sinusoidal pressures. Recording the input and output pressures of the penetrometer
system determines the experimental transfer function. The experimental program
reveals that the penetrometer system responds much slower than expected based on
theoretical calculations. The best calculated estimate for the time constant for the
penetrometer shaft with the 40micron stone is T=0.25seconds. The measured value of
the time constant is T=1.6seconds. The difference between the results is attributed to
uncertainties about the mechanical characteristics of the transducer or entrapped air
bubbles. Completion of the proposed penetrometer is not recommended until
experimental results are obtained for a penetrometer system with a smaller time
constant.
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Chapter 1
Introduction
1.1 Overview of the Problem
The characterization of the properties of slurries concerns both geotechnical and
environmental engineers. Slurries are typically present at the water-soil interface.
These sediments are very soft and weak, and they have excessively high water contents.
The determination of their properties is a recent concern for environmental reasons.
The transport of hazardous chemicals through the erosion of this layer of soil has raised
many questions concerning the shear resistance of slurries.
In 1991, Zreik introduced a new fall cone device which is capable of measuring
the shear strength of slurries. The new fall cone can measure strengths as low as
0.03g/cm 2. Fall cone results allow the determination of undrained shear strength at a
particular depth in a soil deposit. Fall cone testing provides measurements at various
depths which show vertical variability in the soil bed. However, a continuous profile of
soil strength versus depth, typically information provided by a penetrometer, would
enable further characterization of slurries and would also conform the results from the
fall cone tests. The limitations of the fall cone require that soil samples be brought back
to the lab, while penetrometer testing allows for in-situ characterization.
Penetrometers provide the basic technology for soil profiling and are used
extensively throughout geotechnical engineering. Penetrometers are able to provide a
profile of the soil tip resistance versus depth. For clays, this tip resistance is correlated
to the undrained shear strength. Thus, a penetrometer provides a profile of the
undrained shear strength versus depth for clays. Additionally, piezocone penetrometers
provide measurements of the maximum pore pressure versus depth. This additional
characterization of the soil is quite useful for geotechnical engineering problems.
Penetrometers available today cannot be used to measure the properties of
slurries. The standard penetrometer has a 60* cone at its tip and a shaft which has an
area of 10 cm 2 (Jamiolkowski et. al., 1985). Piezocone penetrometers have electronic
instrumentation which includes load cells and pressure transducers. The electronic
equipment in standard penetrometers does not have the sensitivity needed for these
weak soils. Standard penetrometers have load cells to measure the tip resistance and
side friction of the soil bed. The load cell in a standard penetrometer does not have the
necessary range, accuracy or sensitivity to function in slurries. Standard piezocone
penetrometers have a pore pressure transducer to measure the maximum pore pressures
in the soil. These pore pressure transducers have problems similar to the problems with
standard load cells (i.e. they do not have the necessary accuracy, sensitivity or range to
be used in slurries). Additionally, the large diameter of the shaft in the standard
penetrometer leads to difficulties in obtaining near surface measurements. For all of
these reasons, a new penetrometer must be designed specifically for the characterization
of shallow, very weak materials.
The physical restrictions and the need for extreme sensitivity require a new
design concept for the development of a slurry penetrometer. This new penetrometer
design raises many questions about the lag in measurements associated with the system
characteristics. Specifically, in the case of the penetrometer, there is a lag time
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associated with the flow through the porous element at the tip of the penetrometer shaft.
This lag time affects the measurement of the pore pressures and characterizes the time
response of pore pressure measurements.
The purpose of this study is to provide the building blocks necessary for the
understanding of the time response characteristics of the pore pressure measurements in
a slurry penetrometer.
1.2 Scope of Project
The original intent of this project was to build and test a slurry penetrometer to
obtain a continuous profile of slurry properties versus depth. The slurry penetrometer
would enable the confirmation of the fall cone test results obtained by Zreik (1991).
Additionally, the slurry penetrometer would provide additional information about the
pore pressures versus depth.
The preliminary design phase of the project raised numerous questions about the
time lag of the pore pressure measurements due to the physical distance between the
pore pressure transducer and the tip of the penetrometer. The physical requirement of a
penetrometer shaft with a small diameter (to allow near surface measurements) means
that the pore pressure transducer cannot be placed near the tip of the shaft as in standard
penetrometers. The design of the slurry penetrometer led to the proposed placement of
the pore pressure transducer at the other end of the penetrometer shaft.
The time response of the pore pressure measurements became the focus of the
project due to its critical nature according to the preliminary penetrometer design. A
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simple theory is developed which governs the time response in the penetrometer. Based
on this theory, preliminary components of a slurry penetrometer are proposed for
testing. Equipment is designed to experimentally measure the time response. After
completing the experimental program, the experimental time response is compared to
the theoretical time response to verify the theoretical model.
The theoretical model is based on the physical properties of the penetrometer.
The flow across the porous tip of the penetrometer is balanced in the model. This model
characterizes the flow from the outside of the penetrometer due to a unit step input of
pressure through the use of Darcy's law. Darcy's law takes into account the
permeability and thickness of the porous element and the cross-sectional area of the
shaft. The flow on the other side of the porous element (inside the shaft) is taken up by
the following: 1) the deflection of the transducer 2) the compressibility of water and 3)
the expansion of the steel shaft. The time response of a penetrometer system to a unit
step of pressure is modeled through this calculation. The theoretical transfer function of
the system is derived from the Laplace transform of the derivative of the time response
to the unit step.
Some preliminary instrumentation and dimensions for the penetrometer are
developed through the use of the theoretical model. The penetrometer shaft geometry
and properties (including length, diameter, and material) are specified with the help of
the model. The electronic equipment proposed includes information about the load cell
and pressure transducers. The porous element for the tip of the penetrometer is
carefully selected because of its large impact on the time response of the system based
on the model.
The experimental program is designed to test the preliminary instrumentation
for the proposed penetrometer. Through the equipment developed in this project, the
experimental time response is established for the proposed penetrometer. This time
response is determined by recording the input and output pressures to the penetrometer
system. The dynamic characteristics of the pressure transducers are tested for both
burst and sinusoidal pressure inputs. The penetrometer shaft is tested with sinusoidal
pressure input. The experimental transfer function is determined and is then compared
to the theoretical transfer function for accuracy. Based on the results of this
comparison, a recommendation is made about the proposed slurry penetrometer
instrumentation.
1.3 Organization
The background information necessary for this project is presented in Chapter 2.
Chapter 2 outlines the traditional use of penetrometers. It also discusses the new fall
cone developed by Zreik. Chapter 2 shows details of work about time response in
geotechnical and biomedical engineering. An overview is given of the mathematics
needed to solve for the transfer functions and time constants .
Chapter 3 presents a simple theoretical model to imitate the time response of
pore pressure measurements. As mentioned, this model is based on a balance of flow
calculation across the porous element in the penetrometer. Chapter 3 first discusses the
volume components on the inside of the penetrometer shaft. Then, Chapter 3 addresses
the volume components on the opposite side of the porous element. The complete
theoretical solution to the time response model is given along with two example
calculations. The transfer functions and time constants are developed for the general
case as well as the two examples.
Chapter 4 outlines the basic components for a new penetrometer which can be
used in slurries. The proposal includes recommendations for the penetrometer shaft, the
porous element, the load cell, and the pressure transducers. The selections for the
dimensions of the shaft and the characteristics of the porous elements are guided by the
theoretical time response model. Chapter 4 suggests specific equipment which is used
to conduct the experimental portion of the project.
Chapters 5 and 6 explain the experimental set-up and experimental program
respectively. Chapter 5 describes the testing equipment and the procedure. Through
the experimental set-up described in Chapter 5, a technology is developed which
enables the measurement of time response. This technology involves the establishment
of a testing system which measures both input and output pressures to any penetrometer
system.
Chapter 6 explains the experimental program results and the analysis of the
results. The experimental program contains three test series which are discussed in
Section 6.2. The first test series, FR, is designed to show the dynamic characteristics
of the pressure transducers. The second test series is MTS. The method for recording
the input pressure to the penetrometer shaft is checked for validity in test series MTS.
The final test series is MTS(I,II, III). This test series monitors input and output
pressures for the penetrometer shaft with the 40micron porous element. Test series
MTS(I,II,III) enables the determination of the experimental transfer function. Section
6.3 discusses the analysis of the data collected in the experimental program. A
comparison is made of the experimental and theoretical transfer functions.
Chapter 7 summarizes this project. Recommendations are given for future
work. The references used in the project are cited following Chapter 7. Appendix A
contains the computer code which runs the data acquisition system. Appendices B, C,
and D show the data gathered in test series MTS(I,II,II).
Chapter 2
Background
2.1 Introduction
This chapter provides background information about penetrometer tests, fall
cones tests, and the mathematics which govern time response. The traditional use of
penetrometers in geotechnical and agricultural engineering is explained. Typical factors
are discussed which affect the strength measurements of soils. The work of many
agricultural engineers is discussed including Callebaut et. al., Larney et. al., and Rolston
et. al. Next, Section 2.3 summarizes the recent work by Zreik on the new fall cone
(1991). The new fall cone work is relevant to this project because it tests the strengths
of soils with very high water contents. Section 2.4 explores the time response
phenomenon in detail. Section 2.4.1 addresses the theory of time response as it applies
to penetrometers. Biomedical research on time response is discussed in Section 2.4.2.
Section 2.4.3 highlights the use of Laplace transforms to determine the transfer
function. The transfer function of a system completely characterizes the behavior of a
system. Through Section 2.4, the time response phenomenon is addressed.
2.2 Traditional Penetrometers
According to Azzouz (1985), "...in the last decade, cone penetration testing has
gained wider acceptance as a means of complementing laboratory tests in soil
exploration programs." Cone penetrometers measure the point resistance of soils versus
depth. Additionally, cone penetrometers measure the friction on the side of the
penetrometer (Azzouz, 1985). A test using this type of penetrometer is called a CPT or
Cone Penetration Test. When pore pressure measurements are added to the capabilities
of the device, the name piezocone or CPTU is used for the device. The piezocone is
composed of a cylindrical shaft with a porous element at the end of the shaft. The shaft
of the device penetrates through the soil at a controlled rate. CPTU yields a tip
resistance and pore pressure profile of the soil versus the depth of penetration. Both
CPT and CPTU measure tip resistance versus depth. However, CPTU tests have the
additional advantage of measuring the pore pressures versus depth.
Figure 2.1 shows a typical piezocone (Azzouz, 1985). The pressure transducer
shown in Figure 2.1 measures pore pressure, umax. In this case, the shaft of the
piezocone is large enough in diameter to house the pressure transducer. Also in Figure
2.1, two load cells are inside the shaft of the piezocone. The lower load cell measures
the force which is pushing the stone through the soil, qc. When clays are tested, tip
resistance is correlated with the undrained strength of the soil through a cone factor.
The upper load cell measures the friction which is on the sides of the probe, fs. Thus,
Figure 2.1 shows the typical components in a piezocone.
Typical piezocone test results are shown in Figure 2.2 (Azzouz, 1985). These
test results consist of both cone resistance and pore pressure versus depth. In this
particular example, the soil is "... a deposit consisting of peat, sand and heavily
desiccated Boston Blue Clay containing sandy lenses. The individual qc and u records
detect major changes in soil strata, but considered jointly, they offer means for soil
identification as well (Azzouz, 1985)." Figure 2.2 shows typical results of piezocone
tests in geotechnical engineering.
Once the piezocone test has been run, there are several steps necessary in order
to evaluate the results. As seen in Figure 2.3, due to the geometry of the cone, there are
pore pressures which act behind the tip of the cone (Jamiolkowski et. al., 1985). This
causes an error in the measurement of both the tip resistance and the sleeve friction. A
correction is made to account for this problem. Jamiolkowski et. al. suggest the
following correction (1985):
qt = qc + kc (1 - a) Umax Equation 2.1
ft = fs + ks (1 - b) Umax Equation 2.2
where:
kcks = correction factors depending on the off-set between the point where umax
is measured and the base of the cone and mid-height of the friction sleeve
respectively [see Lunne et al. (1985)];
umax = measured penetration pore pressure. (p. 91)
qt = total point resistance
qc = measured point resistance
ft = total sleeve friction
fs = measured sleeve friction
Jamiolkowski et. al. (1985) explain that a and b are ratios (p.91):
a=AN/AT Equation 2.3
b=FL/FU. Equation 2.4
AN, AT, FL and FU are shown in Figure 2.3.
Penetration tests are often related to the undrained strength, su, using the
following equation (Azzouz, 1985, p.39):
su = (qc - av) / Nc Equation 2.5
where:
su = Undrained shear strength
qc = Piezocone tip resistance
av= Vertical stress
Nc= Cone resistance factor
Nc factors vary widely in the geotechnical literature. Recent tests on Boston Blue Clay
at MIT suggest that Nc=16 is a reasonable number. Figure 2.4 shows typical cone
factors for the Boston Blue Clay on MIT's campus (Berman, 1993). It should be noted
that these cone factors are calculated from su values which come from Direct Simple
Shear Tests. Nc value of 16 will be adopted throughout this project
Penetrometers and piezocones have been used extensively throughout
geotechnical engineering as well as agricultural engineering. Agricultural engineers are
concerned with the strength of the soil in which crops will grow. Specifically,
Callebaut et. al. have investigated the strength of the layer of crust which tends to form
in the agricultural fields (1985). They developed what they called a 'needle-type
penetrometer' in order the measure the strength of this crust. Figure 2.5 shows a
diagram of their penetrometer (Callebaut et. al., 1985). The needle is 1.35mm at its
maximum outer diameter and has a cross-sectional area of 1.43mm 2 (p. 230). Figure
2.6 shows a schematic of the 'needle-type penetrometer' (Callebaut et. al., 1985). The
penetrometer can obtain a profile up to 50cm in depth. The laboratory testing program
discussed by Callebaut et. al. uses two types of sandy soils: Lotenhulle and Tielt (p.
231). Although their penetrometer could move at rates from 0.0083cm/sec to
0.8333cm/sec, the tests from this set of laboratory experiments are run at 0.025cm/sec.
They record point resistance values which range from about 1OOkPa to 600kPa (pp.
232-233). These values have not been corrected for any friction encountered on the
sides of the penetrometer shaft. Their tests represent typical penetration tests run in
agricultural engineering.
Additionally, Callebaut et. al. discuss the effects of the area and shape of the
probe. As previously mentioned, penetrometers traditionally have a cone shaped edge
which touches the soil at the penetrating end. A standard penetrometer has a 60* cone
with a shaft which has an area of 10 cm 2 (Jamiolkowski et. al. , 1985). In order to
ascertain the effects of the area of the probe, Callebaut et. al. compare tests which used
the needle-type penetrometer to a second penetrometer with a different shape. The
second penetrometer had a 60" cone at the end of the shaft and a base area of 1cm 2.
They found that the needle-type penetrometer recorded a higher penetration resistance
than the second penetrometer. Nevertheless, the difference in penetration resistance
with the shaft cross-sectional area was not in direct proportion. The needle-type probe
measured a resistance 4 times larger than the resistance the second penetrometer
measured. Thus, the importance of the area of the probe should be noticed.
Baleigh (1985) claims that the piezocone results are independent of the probe
diameter. This claim is based on a theoretical model of 'Strain Path solutions'. He
states the following: "...that the point resistance defined as the force per unit area of the
shaft required to achieve steady penetration is independent of R [the shaft radius]."
This model further states that the only effect of the piezocone shaft radius is on the
magnitude of the disturbance. Baleigh (1985) emphasizes the following point:
The radius determines the size of the disturbance zone but has no effect on the
magnitude of stresses and strains at corresponding soil elements having the same
normalized coordinates with respect to R. Moreover, at these corresponding
elements, including the soil in contact with the pile surface, stresses and pore
pressures are independent of R.
The true effects of the cone area are thus a matter of dispute. Although Callebaut et. al.
claim that the penetrometer radius affected their tip resistance measurements, Baleigh
states that there is a theoretical basis for disputing this.
Figure 2.7 shows the penetrometer developed by Larney et. al. for their
agricultural studies (1989). The wheels and handles on the frame of the penetrometer
make it practical for agricultural purposes. This particular penetrometer has a shaft with
a diameter of 9.5mm. The base of the cone is 129mm 2. The rate of penetration used in
the field testing program is 0.83cm/sec. The maximum depth of penetration which is
achievable by this penetrometer is 50cm, which is identical to that achieved by
Callebaut et. al. The upper range of point resistance values measured by the
penetrometer is 10,360kPa. Apparently, agricultural soils rarely reach this upper limit
and tend to remain below 4,000kPa (p. 237). This penetrometer is developed for field
testing. It uses a computer to control the acquisition of data. There is no provision for
measuring the friction encountered on the side of the penetrometer. Larney et. al. state
that this particular penetrometer is valuable because of its improvement over their own
previous models and because of its use of the computer to control the data acquisition in
the field.
Rolston et. al. discuss another portable penetrometer developed for in-situ
testing. Their device is also used for agricultural purposes. The strength of the soil
crust is again the focus of the testing program. The penetrometer and its housing are
small enough to make carrying the device into the field plausible (1.62m x 0.61m x
0.6 1m). The probe itself is small enough to make crust measurements possible. The
probe has a blunt end, and the shaft has a constant 1.59mm diameter. The probe is
controlled by a computer system. The maximum rate of penetration of the probe is
0.67cm/sec, but the rate used for testing is 0.013cm/sec. Also, the penetrometer gives a
profile up to 20cm in depth. Both laboratory and field tests are conducted. Field tests
are run on 'Yolo loam soil' and 'Hanford sandy loam soil' (p. 482). Laboratory tests are
run on Zamora soil. Rolston et. al. record tip resistance values up to approximately
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100,700kPa. There is no correction for the sleeve friction mentioned. They comment
that their blunt ended probe is ideal for measuring the strength of crusts because it
prevents chipping of the soil crust. "For a case where the probe is very near a soil
crack, the probe may cause chipping of the soil with a resultant decrease in force after
chipping occurs (p. 483)." Thus, Rolston et. al show once again the usefulness of
penetrometers in agricultural engineering.
Penetrometer, piezocone and vane tests are conducted by Almeida and Parry
(1985). One exterior housing is developed which would hold all of these devices:
penetrometer, piezocone, and vane. Figure 2.8 shows this housing for the penetrometer
(Almeida and Parry, 1985). Figure 2.9 shows a closer view of the apparatus with the
vane attached (Almeida and Parry, 1985). This vane is used to determine su values for
Gault and kaolin clays. The penetrometer is then used to determine qc. The empirical
cone factor Nc is then calculated by means of Equation 2.5 using the result of the vane
and penetrometer tests. They define another cone factor called Nk as follows (Almeida
and Parry, 1985, p.18):
Nk = qc / cu Equation 2.6
The penetrometer developed by Almeida and Parry is used to determine qc
values for kaolin clay. The penetrometer developed has two load cells. One measures
the load near the porous stone. The other load cell measures the sleeve friction, fs. The
diameter of the cone is 10mm. The kaolin is initially at a water content of 122%. Both
normally consolidated and overconsolidated soils are used. Table 2.1 shows the results
which were obtained from these tests (Almeida and Parry, 1985). They correct for the
area ratio, and these final results can be seen in the values with the T subscript.
The piezocone developed by Almeida and Parry is of interest because of its
relevant design. It has a small diameter of 12.7mm. It contains a pressure transducer
and a load cell. Almeida and Parry report the following about their piezocone:
The pore pressure transducer used in the piezocone was a PDCR 81 Druck
pressure transducer with silicon chip sensor, which ensures very fast response time
when properly deaired...The deairing of the complete system was done under
vacuum, and this proved to be very satisfactory (p. 15).
Their piezocone has a cone shaped tip which has a 60" angle. Rates of penetration used
for piezocone testing are from 0.02cm/sec to 2cm/sec. Tests are run on Gault clay.
The water content of the clay is initially fairly high at 89.2%. Tests are run on both
normally consolidated and overconsolidated soils. These penetration test are run while
the soil is in the consolidometer (p. 17). Table 2.2 shows the results of these tests
(Almeida and Parry, 1985). Thus, Almeida and Parry present results which
demonstrate the use of the piezocone and the penetrometer.
As previously mentioned, the CPT and CPTU have a standard tip geometry with
a 60* cone. According to Meigh (1987), "Both cone resistance and local side friction
are influenced by the geometry of the penetrometer tip." Thus, a penetrometer with a
blunt end may give different results than a penetrometer with a cone at the end. In fact,
Callebaut et. al. have tests to demonstrate these effects. According to the tests run by
Callebaut et. al., the difference between the point resistances recorded with different
shaft tips is up to four times. In addition to the shape of the tip, the diameter is also a
factor in penetration tests. It is estimated that there will be a disturbance in the top layer
of soil penetrated by the piezocone by an amount of 5-10 times the diameter of the
probe. Jamiolkowski et. al. (1985) indicate that for a CPT used in a layered natural
deposit, " The thickness of thin stiff layers embedded in the soft soil mass should
exceed approximately 70cm in order for the cone tip to achieve full qc at its midheight."
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Bradford, Farrell and Larson report using an estimate of five times the diameter in their
penetration tests run for agricultural purposes. They explain the following, "The value
of the point resistance, q, per unit cross section of the probe was taken as the average
force per unit area after the probe had penetrated a depth of not less than five times the
probe diameter,." For this reason, if information is needed about the surface of a soil
deposit, the probe diameter is minimized.
Penetrometers and piezocones have been used thoroughly in geotechnical and
agricultural engineering. The literature points out a number of important factors to
consider when interpreting penetration data. Some of these factors include: probe
diameter, cone geometry, and rate of penetration. The correlation of the penetration
resistance with the undrained shear strength of the soil makes penetration tests useful to
run.
2.3 New Fall Cone
The fall cone is a device which has been used extensively throughout the history
of geotechnical engineering. It is used to estimate the strength of soil. The fall cone is
also used as one method of determining the liquid limit of a soil. Figure 2.10 shows a
traditional fall cone device (Zreik, 1991).
There is a correlation between the depth which the fall cone penetrates the soil
and the undrained shear strength as follows (Zreik, 1991):
su = 100 K W / d2  Equation 2.7
where:
su = undrained shear strength (g/cm 2)
K = constant which depends on the cone geometry (determined experimentally)
W = the weight (g)
d = penetration (mm).
Although the fall cone is not the most sophisticated method for determining the
undrained shear strength of soil, it has numerous advantages over other strength tests.
First of all, it is inexpensive to run. The device itself is inexpensive and the operational
costs are minimal. Secondly, the test is quick. Data is gathered rapidly in comparison
with other laboratory tests. Also, strength values can be obtained to determine both
horizontal and vertical variability. For these reasons, the fall cone is appreciated as a
geotechnical testing device (Zreik, 1991).
The development in 1991 of a new fall cone provided a means to measure
undrained strength of very weak sediments (Zreik). The new fall cone allows for the
measurement of "...shear strength values as low as 0.03g/cm2...(Zreik, 1991)." Figure
2.11 shows the new fall cone developed by Zreik (1991). This fall cone was used to
run tests on many slurries of Boston Blue Clay with water contents ranging from
approximately 60% to 110%. The undrained strengths which are measured with the
new fall cone range from about 0.5 g/cm 2 to 100 g/cm 2 . Figure 2.12 shows some of the
results which are obtained with the new fall cone (Zreik, 1994). Figure 2.12 shows fall
cone test results for both Boston Blue Clay and Kaolinite. In order to correlate the
measurements of the proposed penetrometer with the results of the new fall cone, it is
assumed that the undrained shear strengths of the slurries tested with the penetrometer
will be between 0.1g/cm 2 and 1 g/cm 2. Hence, the new fall cone provides an estimate
of strength which can be used to predict the point resistance of the proposed
penetrometer through Equation 2.5.
2.4 Time Response
2.4.1 Time Response of Penetrometers
Time response of a penetrometer can be defined as the difference in time
between the application of an incremental pressure and its measurement. The response
time for the proposed penetrometer is the time required to reach a 95% response to an
incremental unit of pressure applied at the tip of the penetrometer shaft. The response
occurs when the pressure applied to the outside of the system is measured in the void
behind the stone. The time response characterization refers to the shape of this response
curve. Time response is a well known problem with geotechnical testing devices. In
1985, Rad and Tumay wrote an article which discusses the time response of the
piezocone when the porous stone is not completely saturated.
Rad and Tumay use a Fugro/LSU piezocone which can be seen in Figure 2.13
(1985). They develop both a theoretical and experimental testing program to determine
the effects of a partially saturated porous stone on the response time of the piezocone.
Their theory rests on the assumption that the changes in the piezocone system to an
applied pressure are related to the conditions which follow (1985):
(1) the volume change of the air bubble caused by the pressure change (Boyle-
Mariotte's law)
(2) the solubility of the air bubble into the surrounding water (Henry's law and
Fick's law)
(3) the difference between the pressures inside and outside the air bubble caused
by surface tension forces (Kelvin's equation),
(4) the compressibility of water, and
(5) the flexibility of the PPMS [pore-pressure measuring system] (mainly the
pressure transducer).
The theoretical derivation of time response discussed in Chapter 3 is based on
conditions (4) and (5) above. The model in Chapter 3 assumes that the air is removed
from the system described by Rad and Tumay. The five conditions listed above from
Rad and Tumay are in addition to the conditions of the geometry of the porous stone,
the permeability of the stone, and the increment of pressure applied to the system.
Their theory results in an equation which is used to predict the time response of the
piezocone system as follows in Equation 2.8. The equation is derived "...based on the
degree of saturation S of the piezocone at atmospheric pressure Patm knowing the total
void volume VT of the PPMS (Rad and Tumay, 1995)."
{ TPaVT(1- S) } .[( i+ ln j -(•+ln + )1  Equation 2.8kAP2 r a a B B
where:
k = hydraulic conductivity of the porous element
A = surface area of the porous element perpendicular to the direction of the flow
T = thickness of the porous element, and
Pof and Pt = absolute pressure heads on the opposite sides of the porous element
at time t.[also]
• Pt IPof Equation 2.9
= Patm / Pof Equation 2.10
Figure 2.14 shows Equations 2.8 through 2.10 used in some example calculations (Rad
and Tumay, 1985). For saturations of S=30% , S=60% and S=90%, the time response
is shown for porous elements of two different permeabilities. After conducting their
experimental testing program, they conclude that Equations 2.8-2.10 are valid for
predicting the response time for their partially saturated piezocone .
The experimental test set-up by Rad and Tumay follows standard geotechnical
engineering practices. The system is deaired through the use of deaired water and
vacuum. Pore pressure transducers used are 'Kistler 4045 miniature transducers'.
Partially saturated and totally saturated stones are tested. The permeability of the stones
tested in this report range from 0.00085 - 0.54520 cm/sec. The system is tested with
both step loading and cyclic loading. A portion of their results can be found in Figure
2.15 (Rad and Tumay, 1985). This figure reports test results from a step load which
varies in magnitude from 150kPa to 450kPa. Their results from tests with fully
saturated stones are of considerable interest to this project. They report the following,
"Generally, the test results indicate that a fully saturated piezocone is capable of
accurately responding to the generated penetration pore pressure during a sounding
(Rad and Tumay, 1985)." Table 2.3 shows the variety of porous filter stones tested by
Rad and Tumay in their experimental program (1985). Table 2.4 shows a comparison
of their theoretical model (in Equation 2.8) to their experimental results (Rad and
Tumay, 1985). Rad and Tumay have shed some light onto the question of the time
response of penetrometer systems.
Hence, it appears that time response is a recognized concern when making pore
pressure measurements. The work of Rad and Tumay shows that there is a significant
time lag for piezocone systems with partially saturated porous stones. They report no
significant time lag for systems with fully saturated stones. However, time response is a
problem which is recognized in numerous fields besides geotechnical engineering.
Biomedical engineers are interested in time response of pressure systems as it relates to
the measurement of blood pressures.
2.4.2 Time Response in Biomedical Engineering
The medical profession has an important need for information pertaining to the
time response of pressure systems. The measurement of blood pressure is quite crucial.
In fact, blood pressure measurement is quite relevant to the proposed penetrometer in
question because of its magnitude. The Motorola transducer used in the proposed
penetrometer was located through the help of biomedical researchers. The magnitude
of blood pressure is in the same range as the expected range of the pore pressures of
slurries. There has been research done by several biomedical researchers on the time
response problem in the medical profession.
LaPointe and Roberge's work in this area is entitled "Mechanical Damping of
the Manometric: System Used in the Pressure Gradient Technique (1974)." They
attempt to characterize the dynamic response of a catheter-manometer system. Figure
2.16 shows a schematic of this system (LaPointe and Roberge, 1974). The goal of the
catheter-manometer system is to provide instantaneous monitoring of blood velocity.
The system which is tested experimentally through this project involves two pressure
transducers which are connected to a frequency generator. The relevant facts of this
experiment involve the test set-up. LaPointe and Roberge report the following
procedure to eliminate air bubbles from their system, "...all the parts (stopcocks,
pressure transducers, valves, and catheter) are washed with a distilled water spray and
the components are assembled under water." This same test set-up procedure of making
the connections under water will be used in the experimental portion of this project. In
using two pressure transducers to monitor the same phenomenon, LaPointe and
Roberge also report that the two transducers should have similar dynamic
characteristics. This is ensured by selecting pressure transducers which have similar
"undamped frequency responses". According to the theoretical analysis in Chapter 3, it
is possible that the response time of the pressure transducers used in the penetrometer
will be of the same order of magnitude as the time response of the total penetrometer.
In this case, the dynamic response of the pressure transducers should be tested. The two
pressure transducers selected for use in the experimental program should have similar
dynamic responses. When the experimental program for the proposed penetrometer is
designed, the experimental methods of LaPointe and Roberge will be useful.
In 1982, Chernoff investigated the frequency response of a catheter system. In
his thesis, he notes some concerns of the biomedical profession which will also affect
the experimental program to investigate the proposed penetrometer. He states the
following problem in the monitoring of blood pressures through a catheter system:
...the presence of air in the fluid line remains the single most common cause of low-
quality pressure monitoring. This is due to the high compressibility of air relative
to water, causing even very small bubbles to greatly increase the total compliance
of the system and thereby reduce the resonant frequency.
Chernoff supports the conclusions of Rad and Tumay that the air bubbles in the system
can cause numerous problems. The work of both Chernoff and Rad and Tumay support
the notion that special attention must be taken in the experimental set-up to eliminate air
bubbles from the system. The deairation process used for this project will be further
discussed in Chapter 5.
Thus, the biomedical researchers have faced many problems similar to those
which will be discussed later. The systems used to measure blood pressure bring about
questions like the ones encountered by geotechnical engineers when pore pressures are
measured.
2.4.3 Mathematics of Time Response
The mathematics which govern the time response phenomenon enable the
results from the experimental testing program to be evaluated. This section will discuss
the use of the transfer function of a system. The transfer function of a given system
characterizes the system's output for any given input. Transfer functions are
established by both magnitude and phase values. The phase portion of the transfer
function defines the time lag of the system. The magnitude of the transfer function
defines any damping (or amplification) which may be present in the system. The use
of Laplace and Fourier transforms to calculate the transfer function of the given system
is addressed.
Laplace and Fourier transforms convert functions in the time domain to
functions in the frequency domain. The Laplace transform is different from the Fourier
transform because Laplace transforms are valid only for time greater than zero, while
Fourier transforms are valid for plus or minus infinity. Ogata defines the Laplace
transform in the following manner (1970):
Let us definef (t) = a function of time such thatf(t) =0 for t < 0
s = a complex variable
L = an operational symbol indicating that the quantity which it prefixes is to be
transformed by the Laplace integral e-stdt
0
F(s) = Laplace transform off (t)
Then the Laplace transform off(t) is defined by
L [If(t) = F(s) = e-stdt [f(t)] = f f(t) est dt. Equation 2.11
0 0
The variable s is defined as a complex operator (Brook and Wynne, 1988):
s = a+jo Equation 2.12
where:
s= complex variable
(7= constant
co= frequency (radians/time)
This Laplace transform is only defined if the integral converges. The Laplace transform
and other transforms become useful because of certain properties of the transforms.
According to Brook and Wynne (1988), "When the Laplace transform is used in the
study of linear dynamic systems it is often convenient to investigate the response of a
system to excitation by steady-state sine waves and in this case s =jo, i.e. a=O0, and
what we obtain is a frequency description of the system. "
Brook and Wynne (1988) also define a Fourier Transform in the following
manner:
X (co) = j x(t) ejodt Equation 2.13
where:
X(jo) = Fourier transform
x(t) = function being transformed
all other terms previously defined
Thus, for the case where a = 0 and the function is undefined from negative infinity to
zero, the Fourier transform and the Laplace transform are the same for a function where
the integral converges.
Both of these transforms, Laplace and Fourier, will accomplish the same goal
for the functions which will be used for this project. Since experimental methods will
be used to determine the given function, it should be clear that the analysis needed will
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actually be discrete and not continuous. In this case, one more mathematical definition
is needed: the Discrete Fourier Transform (DFT). The DFT will enable the integral
needed for the Fourier transform to be approximated by a discrete function. Brook and
Wynne define the DFT as follows (1988):
The instantaneous frequency o is given by
o = 2 7 n / T Equation 2.14
...Some other parameters are redefined
dt = A - sample interval
t = kA - time elapsed from t =0
T = N A - total time (recorded length)
x (t) ->xk - signal amplitude at sample interval k
Substituting these values into ...[Equation 2.13] and replacing the integral by a
summation over the range k =0 to k = N -1 we have
X, =( 1/ NA) xxk exp -j kA A Equation 2.15
The DFT will allow for the approximation of the continuous Fourier transform. Since
in this case, the Fourier transform and the Laplace transform are the same, the DFT will
be used to approximate the Laplace transform.
The transfer function of a system is another mathematical concept which will
aid in the development of the time response function of the system. Ogata defines
transfer functions in the following manner (1970): "The transfer function of a linear
time-invariant system is defined to be the ratio of the Laplace transform of the output
(response function) to the Laplace transform of the input (driving function), under the
assumption that all initial conditions are zero (p. 72)." Chapter 3 will explain the
theoretical derivation of the conditions which govern the time response of the proposed
penetrometer system. The derivation is completed for the response of the penetrometer
system to a unit step input of pressure. The unit step is not possible to create
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experimentally, because of the time of load application. In order to compare to the
theoretical model of Chapter 3, some other input-output relationships must be related to
the system's response to the unit step response. This can be done through the use of the
transfer function. The relationship can be explained as follows:
x(t) = Input function
X(s) = L[ x(t) ] = Laplace transform of the input function
y(t) = Output function
Y(s) = L[ y(t) ] = Laplace transform of the output function
G(s) = Y(s) /X(s) = Transfer function of the system. Equation 2.16
The above is such that the following schematic is true (Ogata, 1970):
x(t) y(t)
op) G(s)
X(s) Y(s)
The property of the transfer function which makes it interesting for this project is that it
is unique for each system. Thus, if the ratio of the Laplace transform of the input and
output to the system can be determined using any kind of input, then the response of the
system can be determined to any arbitrary input. Of course, the transfer function can
only be determined within the normal bounds of experimental error. The theoretical
calculations have been done for a unit step, and the Laplace transform of the unit step is
defined and known. This means that if the input and output of the penetrometer system
are known for some input function (and the input and output have known transforms),
then the expected output of the penetrometer to the unit step can be predicted using the
transfer function of the system.
During the experimental portion of this project, the input and output functions
will be measured at discrete time intervals. The transforms of the input and output
functions will be approximated using the DFT. Since the experimental program has
functions which are not defined from negative infinity to zero, the Laplace and Fourier
transforms will be equivalent. The DFT approximates the continuous Fourier transform
and can also be used to approximate the Laplace transform. Thus, the transforms can
be determined through the use of the DFT. The determination of the transforms will
enable the approximation of the transfer function. Once the transfer function of the
proposed penetrometer is established, the output response to any given input is
established.
The transfer function of a system is characterized by several components.
According to Ogata (1970), "To completely characterize a linear system in the
frequency domain, we must specify both the amplitude ratio and the phase angle as
functions of the frequency o." Ogata explains the determination of the transfer function
when both the input and output functions are sinusoidal. The magnitude of the transfer
function is the ratio of the output signal amplitude to that of the input. The phase of the
transfer function is the "... phase shift of the output sinusoid with respect to the input
sinusoid (Ogata, 1970)." Thus, for the special case of sinusoidal input and output
functions, the transfer function of the given system is easily characterized. Since some
of the experimental program involves sinusoidal pressures, this mathematical principal
of the transfer function is quite useful.
The mathematical concept of a window will also be useful when evaluating the
experimental results from this project. A window is used to sample a particular
function. Brooke and Wynne (1988) explain the 'window' concept in the following
manner:
...if we are studying a continuous or discrete signal, which extends over a long time
period it may be necessary for practical analysis to consider only a certain length
and then regard this as an adequate representation of the whole...
the selection of a certain length of signal from a much longer one can be regarded
as the multiplication of the original long signal by another signal (or function)
which has a much shorter duration. The latter is known as a window (or window
function )...
Sinusoidal input functions are considered for the experimental portion of this project.
The sinusoidal input functions are only recorded over a certain time interval. The time
interval is selected to give an adequate representation of the steady-state response.
Thus, the original data collected will be only a portion of the total sinusoidal function
represented. These original data are only a window of the total function. This original
data is collected through a rectangular window.
The rectangular window through which the true sinusoidal function is observed
is mathematically correct. However, a problem arises when the transfer function is
determined. When the data is viewed through this rectangular window, the beginning
and end of the signal represent sharp discontinuities. When the DFT of the data is
taken, these discontinuities induce high frequency noise into the DFT. The use of
another window will smooth these end point discontinuities and eliminate this noise.
Professor E. Kausel suggests the use of the following window (1994):
y= sin22 ( Equation 2.17
where:
y=amplitude of sinusoidal signal
x = time
T = total duration of signal
This window transforms the original rectangular window into a much smoother curve.
Both the input and output signals are passed through this window. Since the transfer
function is characterized by ratios of output to input, the new window should not distort
the transfer function. Instead, the new window will eliminate much of the high
frequency noise which comes from the original rectangular window.
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Table 2.3: Porous Filters Used by Rad and Tumay (1985)
Nominal
Filtration. l>ermcabilitY. Porosity.
Nu mber Type pm cm/s 0%0
I bronze 250 0.54520 28
2 bronze 150 0.38050 30
3 bronze 90 0.18050 32
4 bronze 40 0.07050 33
5 bronze 30 0.02900 29
6 bronze 25 0.01930 30
7 bronze 20 0.01500 46
8 bronze 10 0.01110 42
9 ceramic NA" 0.00770 45
10 porous plastic NA" 0.00790 27
11 stainless steel 20 0.01200 47
12 stainless steel 5 0.00100 36
13 stainless steel 2 0.00085 40
"NA: not available.
Table 2.4: Results from Rad and Tumay (1985)
Period of Time to
Eauilibrium, ms
t[ilcer Test
3 327
.329
8 332
10 334
12 336
13 337
-"U = 0.990.
Approximate
S, % Theory" Experimentb
0.03
0.18
0.42
0.73
0.47
0.46
5.50
6.40
NA
NA
NA
1.5
1.1
NA
4.8
6.7
Phase Anglc,
degrees
Theory" Experimentb
0.01
0.07
0.15
0.26
0.17
0.17
1.98
2.30
0.0
0.0
0.0
0.5
0.4
0.0
1.7
2.4
values.
__
Figure 2.1: Typical Piezocone (Azzouz, 1985)
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Figure 2.2: Typical Piezocone Test Results (Azzouz, 1985)
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Figure 2.3: Geometry of Piezocone Calculations (Jamiolkowski, 1985)
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Figure 2.4: Cone Factor for Boston Blue Clay (Berman, 1993)
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Figure 2.5: Penetrometer by Callebaut et. al. (1985)
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Figure 2.6: Schematic of 'Needle-Type Penetrometer'
(from Callebaut et. al., 1985)
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Figure 2.7: Penetrometer by Larney et. al. (1989)
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Figure 2.8: Penetrometer Housing (Almeida and Parry, 1985)
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Figure 2.9: Close-up of Vane Apparatus (Almeida and Parry, 1985)
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Figure 2.10: Old Fall Cone (Zreik, 1991)
Figure 2.11: New Fall Cone (Zreik, 1991)
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Figure 2.12: Boston Blue Clay and Kaolinite
Undrained Shear Strength as a Function of Water Content (Zreik,1994)
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Figure 2.13: Piezocone Testing System (Rad and Tumay, 1985)
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Figure 2.14: Theoretical Response Time from Equation 2.8
(Rad and Tumay, 1985)
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Figure 2.15: Results from Saturated Piezocone Tests with Step Loading
(Rad and Tumay, 1985)
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Figure 2.16: Catheter-Manometer System
(LaPointe and Roberge, 1974)
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Chapter 3
Theoretical Derivation of Time Response
3.1 Introduction
The response time of the penetrometer is defined in Section 2.4.1 as the time
between the application of a pressure to the tip of the penetrometer and its measurement
by a pressure transducer on the inside of the penetrometer stone. A theoretical model of
this response time will be developed in this Chapter. This model is developed for the
case of a unit step pressure increase at the tip of the penetrometer shaft at time equal to
zero. This pressure increase causes a flow through the porous element at the tip of the
shaft. This flow then increases the pressure inside of the penetrometer shaft. The
increase in pressure inside of the penetrometer shaft will then be recorded by the
pressure transducer placed at the other end of the penetrometer shaft. These pressure
and flow conditions will be used to develop an equation which will approximate the
time response of a penetrometer shaft.
The basis of the time response analysis is a calculation of the balance of flow
through the porous element. Figure 3.1 shows a schematic of the situation. The dashed
line represents the boundary across which the flow must be balanced. Thus, the
penetrometer is partitioned into two sections: A and B. Any flow from side B must be
accounted for on side A. When equilibrium is reached, these flows must be balanced
such that Equation 3.1 is true.
AVolume On Side A = AVolume On Side B Equation 3.1
From Figure 3.1, it can be seen that at equilibrium:
AVolumeA(t) = AVolumeB(t) Equation 3.2
Equation 3.1 and 3.2 mean that the flow through the porous element at the tip of the
penetrometer must be accounted for as it travels to the other side of the porous element
and into the penetrometer shaft. These flow characteristics vary over time and are
therefore represented as functions of time. The change in Volume B will be
characterized using Darcy's law and the parameters governing the permeability of the
porous stone. The change in Volume A will be characterized using three different
components as follow:
1) The change in volume due to the deflection of the diaphragm of the pressure
transducer.
2) The change in volume due to the compressibility of water.
3) The change in volume due to the expansion of the steel tubing.
It is important to realize that in a perfectly rigid penetrometer shaft, the above three
components equal zero. However, these components are approximated since the actual
penetrometer shaft is not perfectly rigid. Section 3.2 will derive the component
AVolumeA. Section 3.3 will derive the second component, AVolumeB. Section 3.4
analyzes the resulting equation and its behavior.
3.2 AVolumeA
3.2.1 Deflection of the Transducer Diaphragm
A pressure transducer is placed at the end of the penetrometer shaft. This
pressure transducer will record the pressure inside the penetrometer shaft. In general,
pressure transducers have a diaphragm which will deform whenever pressure is applied
to the transducer. Pressure transducers measure the deflection of the diaphragm caused
by a change in pressure. When the diaphragm deforms due to water pressure, there is an
increase in total volume which requires flow into the penetrometer. The way in which
this diaphragm deforms determines how much additional volume is available for the
water to take up. The shape and magnitude of the diaphragm deflection are assumed for
the purposes of this analysis.
The transducer used for this study is a Motorola transducer. Chapter 4 will
discuss the specific reasons why a Motorola pressure transducer is selected. Motorola
MPX series pressure sensors are "silicon piezoresistive pressure sensor[s]. These
sensors house a single monolithic silicon die with the strain gage and a thin-film resistor
network integrated on each chip (Motorola, 1991)." The sensors come in a wide variety
of ranges. The housing for the 1.5psi MPX2010 and the 100psi MPX700DP sensors is
assumed to be the same. The deflection can be estimated if the dimensions and
mechanical properties (such as end conditions and modulus) of the diaphragm of the
pressure transducer are known. In the case of the Motorola transducer, the diaphragm
is a square. The diaphragm can be modeled as a simply supported plate with uniform
loading. Roark and Young's Formulas for Stress and Strain (Fifth Edition) can be used
to obtain the maximum deflection at the center of the plate (1975). For the case of a
plate, the following formula can be used to determine the maximum deflection (p. 386):
-a. pA1(t), b4E - () 4  Equation 3.3
where:
E = maximum deflection at midpoint
E = Young's modulus
b = length of shortest side of plate
pA(t) = applied pressure
d = thickness of plate
ox = constant given in Table 26 in Roark & Young (depends on ratio of sides of plate)
A value for the maximum deflection of a plate is found using Equation 3.3. This
equation will be in terms of the applied pressure pA(t).
Once the maximum deflection is found, this number must be represented in
three dimensions. For the case of a square plate, the deflected shape can be assumed to
be a pyramid. The deflection of the plate must be converted into three dimensions
using Equation 3.4 as follows:
AVI(t) = .b2 2 e Equation 3.43
where:
AVi(t) = change in volume due to the deflection of the square diaphragm
b, e= as above
The change in volume of the penetrometer is partially characterized through
some assumptions required about the behavior and shape of the pressure transducer
diaphragm. The change in volume is assumed to be linear with change in pressure. This
establishes a first order system. The conditions which govern this behavior are assumed
to be time invariant.
3.2.2 Compressibility of Water
The compressibility of water is such a small number that it is oftentimes
neglected when other volume change components are of a greater order of magnitude.
In this case, the compressibility of water should not be neglected since all three
components of AVolumeA are small numbers. The component of AVolumeA due to
the compressibility of water will be defined as AV2(t). The water inside the
penetrometer shaft can be thought of in two different parts. There is a component of
AV2(t) due to the water which is inside the tubing shaft of the probe, Va. The
magnitude of this component will depend on the chosen length and diameter of the
shaft. The other component of the water compressibility term comes from the water
which is inside the saturated porous stone, Vb. This second component will depend on
several factors as follows:
1) The thickness of the stone
2) The inner cross-sectional area of the shaft.
3) The porosity of the stone.
This second component of the water compressibility term (Vb) will be a much smaller
number than the first term (Va). Both components of water compressibility will depend
on the physical geometry of the proposed penetrometer.
If V2 is defined as the volume of water inside the penetrometer, then the following
equation will be true:
V2 = Va + Vb Equation 3.5
where:
V2 = volume of water inside the penetrometer
Va = volume of water inside the shaft tube
Vb = volume of water inside porous stone when saturated
If the shaft of the proposed penetrometer is assumed to have a circular cross-section,
then equations can be written to calculate Va and Vb.
Va = rri 2 -(L - 1) Equation 3.6
where:
Va = as above
ri = inner radius of the probe shaft
L = shaft length
1 = thickness of the porous stone
Vb = niri21 Equation 3.7
where:
n = porosity of the porous stone
Vb, ri ,L, 1 = as above
After using Equations 3.5 through 3.7 to calculate V2, the change in volume due to the
compressibility of water can be calculated using Equation 3.8.
pA(t). V2AV2(t) = () V2 Equation 3.8
K
where:
pA(t) = pressure applied to the inside of the shaft
K = Bulk modulus of water
AV2(t) , V2 = as above
Thus, Equation 3.8 allows for the characterization of the component of AVolumeA
which depends on the compressibility of water.
3.2.3 Expansion of the Shaft
The penetrometer shaft will expand with the application of pressure to the tip of
the penetrometer. In the proposed penetrometer, the shaft is made of stainless steel.
The equation which governs the expansion of an infinite tube can be used to
approximate the expansion of the shaft. This equation is based on elastic theory and is
presented by Timoshenko (1940).
S= p(t) a Equation 3.9
Eh
where:
8= radial deflection
p A(t)= differential pressure applied to the inside of the shaft
a = inner radius of the shaft
E = Young's modulus of the shaft
h = thickness of the shaft
Equation 3.9 is only valid for a "cylindrical shell with a uniform internal pressure"
where the edges of the cylindrical shell are free (Timoshenko, 1940). The use of
Equation 3.9 will lead to a value of the radial deflection which is a function of pA(t).
After a value of & is determined, then the value for the volume component from the
expansion of the steel tubing can be approximated as follows:
AV3(t) = 7c Di L 8 Equation 3.10
where:
AV3(t) = volume change due to the expansion of the shaft
Di = inner diameter of the shaft
L = length of the shaft
8= radial deflection
Equation 3.10 is valid for small radial deflection only.
3.2.4 Final Calculation of AVolumeA
A value for AVolumeA which depends on the incremental pressure applied is
determined through the calculations from Sections 3.2.1-3.2.3. After AV (t), AV2(t)
and AV3(t) are determined using Equations 3.4, 3.8 and 3.10 respectively, Equation
3.11 can be used to determine AVolumeA as follows:
AVolumeA(t) = AV1(t) + AV2(t) + AV3(t) Equation 3.11
where:
all terms previously defined
Equation 3.11 will yield an expression with the following form:
M = VolumeA(t) Equation 3.12
pA(t)
where:
M = constant which depends on the penetrometer's physical properties
all other terms previously defined
Equation 3.12 will be used in conjunction with the information and equations from
Section 3.3 to determine the response time equation for the penetrometer.
3.3 AVolumeB
The second half of the time response equation governs the fluid flow through the
porous stone. The change in volume created outside the shaft of the penetrometer by an
incremental pressure increase is defined as AVolumeB. This change in volume can be
characterized using Darcy's law. Darcy's law has several inherent assumptions. "For
liquid flow at very high velocity and for gas flow at very low or at very high velocity,
Darcy's law becomes invalid (Lambe & Whitman, 1969)." Darcy's law is assumed to be
valid and applicable for this analysis at hand. This analysis is only valid for the case
when the length of the shaft is much greater than the thickness of the porous element.
Lambe and Whitman present Darcy's law in the following form:
Q = kiA Equation 3.13
where:Q = the rate of flow
k = a constant, now known as Darcy's coefficient of permeability...
A = the total inside cross-sectional area of the sample container
i = ...the gradient
The gradient can be defined as the following:
i = - Equation 3.14
1
where:
Ah = the change in pressure head
I = the length over which the head changes
Substituting Equation 3.14 into Equation 3.13 the following equation can be derived:
Q = Equation 3.15
where:
all terms previously defined
The change in pressure head can be defined in the context of the penetrometer as the
following:
Ah = hB - hA Equation 3.16
where:
Ah as above
hB = the pressure head outside the system (units of length)
hA = the pressure head inside the system (units of length)
The head difference can be calculated from the changes in pressure. Since the pressure
inside of the system will be a function of time, hA will also be a function of time.
Since this derivation is for a unit of pressure which is applied, the pressure outside the
system will be constant. The following equations can be written to relate the pressures
to the head changes:
ha(t) = pA(t) Equation 3.17
where:
yw = unit weight of water
all other terms previously defined
ha = Equation 3.18
where:
all terms previously defined
Since the volume change is needed for the question at hand, the rate of flow must be
related back to the volume change. This can be done through the use of the following
relationship:
dV
dt
where:Q = as above
dV = change in volume
dt = change in time
Equation 3.19
Combining Equations 3.13 through 3.19, the next equation can be derived.
Equation 3.20dVolumeBs(t) = kAAt) ]dtYWl YWl
where:
all terms previously defined
The results of this equation can be combined with the results from Section 3.2 to solve
for the theoretical time response. Section 3.4 will discuss the solution to these
equations.
3.4 Solving for the Theoretical Time Response
3.4.1 General Case
Sections 3.2 and 3.3 present the equations necessary to obtain information about
the flow balance across the porous element. This section will explain how to solve the
differential equation which results when AVolumeA equals AVolumeB.
Section 3.2 contains Equation 3.12 which is an expression of the volume in
terms of the inside pressure and a constant. Both volume and pressure are functions of
time. Section 3.3 presents Equation 3.20 which contains an expression of the derivative
of volume in terms of some constants and inside pressure. The expression from
Equation 3.12 can be inserted into Equation 3.20. This will yield an equation in terms
of constants, volume, and the derivative of volume. Equation 3.21 is the resulting
equation.
dV(t) = kA kAV(t) dt Equation 3.21
where:
V(t) = AVolumeA = AVolumeB
all other terms previously defined
Equation 3.21 is a common differential equation which can be solved given a boundary
condition. In this case, the boundary condition is given as follows: V(0) = 0. This
means that at time zero there is no flow across the boundary line. Equation 3.21 can be
rewritten into more general terms as follows:
dV (t)= [a - bV(t)] dt Equation 3.22
where:
a, b = constants from Equation 3.21
all other terms previously defined
Using the given boundary conditions, Equation 3.22 can be evaluated to obtain an
expression for V(t). The solution to Equation 3.22 is Equation 3.23.
V(t) = (- e-br) Equation 3.23
Another expression is derived using the relationship between the constants a and b
given by Equations 3.21 and 3.22 and the information from Equation 3.12. This new
expression is in terms of normalized pressure. The normalized pressure is defined as
follows:
pA(t)y = Equation 3.24
PB
where:
y = Normalized pressure
all other terms previously defined
Thus, the normalized pressure is the expression that follows:
y = (1 - e- ) Equation 3.25
where:
all terms previously defined
Equation 3.25 is the solution to the equations developed in Sections 3.2 and 3.3.
Equation 3.25 has a shape which asymptotically approaches unity for a unit step input
of pressure at time equal zero. The physical properties of the penetrometer system
affect the constant b and will determine how quickly in time this function approaches
unity. A new variable called the time constant of the system is now introduced as T in
the following equation:
T = Equation 3.26
b
where:
T = time constant of the system [units of time]
b is defined as above
The time constant of the system is inversely proportional to permeability and directly
proportional to the thickness of the porous element. A larger time constant represents a
slower response.
3.4.2 Examples
Penetrometer Shaft with 40micron Stone:
The equations derived previously in Chapter 3 are used in order to find
preliminary dimensions for the proposed penetrometer. A porous stone with an average
pore size of 40microns is used in this example.
AVolumeA:
AVI(t):
E = Young's modulus of silicon diaphragm= 107 x 109 Pa
(Ashby and Jones, 1980)
d = thickness of transducer diaphragm= 0.0254mm
(scaled from Motorola schematic, 1992)
b = side length of diaphragm= 1.92mm
(scaled from Motorola schematic, 1992)
a/b = ratio of sides of diaphragm= 1.0
(scaled from Motorola schematic, 1992)
a = 0.0444
(Roark and Young, 1975)
AVI(t) = 0.4 PA(t) mm5 / N
AV2(t):
ri = inner radius = 2.195mm
(Small Parts, 1993)
L = shaft length = 25cm
(measured)
1= stone thickness = 2.0mm
(measured)
n = stone porosity = 0.49
(Mott Metallurgical Corporation, 1994)
K = Bulk modulus of water = 2.19 x 109Pa
(White, 1986)
AV2(t) = 1.7 PA(t) mm5 / N
AV3(t):
a = inner radius = 2.195mm
(Small Parts, 1993)
E = Young's modulus of stainless
(Roark and Young, 1975)
h = shaft thickness = 0.385mm
steel shaft = 194GPa
(Small Parts, 1993)
AV3(t) = 0.2 PA(t) mm5 / N
AVolumeA(t) = 2.3 PA(t) mm5 / N
M = 22.56 mm5 /kg
AVolumeB:
k = stone permeability = 2.64 x 10-4 cm/sec
(measured)
A = inner cross-sectional area = 15.14mm2
(Small Parts, 1994)
1 = stone thickness = 2.0mm
(measured)
(Stone permeability is determined experimentally. The permeability is measured using
a standard constant head permeability test. Tests run at two different gradients are
averaged to determine the permeability listed above.)
dV = (0.00528PB mm5/g sec - 886pA(t) /sec) dt
Solving the resulting differential equation using the method of Section 3.4.1 results in
the following equation:
y 1- e (Sec) Equation 3.27
where:
y = normalized pressure
t = time
Equation 3.27 has the same form as Equation 3.25 where b has the value of 886sec- 1.
This means that the time constant T is equal to 0.001129seconds. Equation 3.27 is
plotted in Figure 3.2. Using the theoretical model developed, the inner pressure
asymptotically approaches unity. Therefore, a percentage completed characterizes the
response time. For example, Figure 3.2 shows that the 40 micron stone reaches 95% of
its total response time in approximately 0.0034 seconds.
Penetrometer Shaft with Low Permeability Stone
The physical characteristics of the porous stone greatly affect the time response
equation. The permeability of the porous stone has been changed to demonstrate this
effect. This second example uses a porous stone with an average permeability of
3.81 x 10- 6cm/sec. The stone thickness is also chosen as a smaller number. A lower
value for porosity is selected. The calculations are as follows:
AVolumeA:
AVI(t) = 0.4 pA(t) mm5 / N (no change from 40 micron stone)
AV2(t):
1 = stone thickness = 1.6mm(assumed)
n = stone porosity = 0.275
(assumed)
AV2(t) = 1.7 pA(t) mm5 / N (no net change from 40 micron stone)
AV3(t) = 0.2 pA(t) mm5 / N (no change from 40 micron stone)
AVolumeA(t) = 2.3 pA(t) mm5 / N (no net change from 40 micron stone)
AVolumeB:
k = stone permeability = 3.81 x 10-6 cm/sec
(assumed)
I = stone thickness = 1.6mm
(assumed)
dVB(t) = (0.3 6 05PB mm5 /g see - 16pA(t) / sec) dt
Solving the equation using the methods from Section 3.4.1...
-16t
y = 1-e Equation 3.28
where:
all terms previously defined
Figure 3.3 shows a graph of this equation. The substantial change in permeability of
the stone (change of 2 orders of magnitude of permeability between the 40 micron stone
and the low permeability stone) changes the response time by a significant amount.
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Using the low permeability stone, 95% of the total response time should be achieved in
0.187 seconds. The time constant T of the low permeability system is 0.0625seconds.
3.5 Theoretical Transfer Functions
Equations 3.27 and 3.28 give the theoretical time response of the penetrometer
system using two different porous stones. This theoretical response assumes a unit step
of incremental pressure is applied to the system. The theoretical response of the system
to the impulse function is obtained in order to derive the theoretical transfer functions of
the penetrometer system for these two different porous stones. Given certain
assumptions, the derivative of the response to the unit step is the response to the unit
impulse. Ogata states the following conditions under which this is true (1970):
...the response to the derivative of an input signal can be obtained by
differentiating the response of the system to the original signal...this is the property
of linear time-invariant systems. Linear time-varying systems and nonlinear
systems do not possess this property.
Therefore, assuming that Equation 3.25 is the correct form for the time response to a
unit step pressure input, the derivative of Equation 3.25 will be the system response to
the unit impulse function. The derivative of Equation 3.25 is Equation 3.29
dy= bebt Equation 3.29dt
where:
all terms previously defined
Therefore, the response of the penetrometer system with the 40micron stone to the unit
impulse will be the derivative (with respect to time) of Equation 3.27. This derivative
results in the following equation:
-886t
d =886sec- e " -  Equation 3.30
dt
where:
all terms previously defined
For the other stone, the resulting response to the unit impulse function is of the same
form as Equation 3.29 with a value for the constant b. Equation 3.28 establishes the
value of b for the system as 16sec-1. Equation 3.31 shows the response of the other
penetrometer system to the unit impulse function.
dy -16t
dy = 16sec-•e " Equation 3.31
dt
where:
all terms previously defined
The schematic first presented in Section 2.4 will allow for the computation of the
transfer functions. The schematic from Ogata is as follows (1970):
x(t) 1 y(t)
op- G(s) 
X(s) Y(s)
Given an input to the penetrometer system (with the 40micron stone) of the unit
impulse, the output of the system will be Equation 3.29. Since the Laplace transform of
the unit impulse is one, the transfer function becomes equal to the Laplace transform of
the theoretical response of the system to the unit impulse. To put this in mathematical
terms:
x(t) = 8(t) = unit impulse function
X(s) = 1
dy -886t
y(t)= Y= 886sec-1 e -
-886t
Y(s)= L [ 886sec - ' e ]
G(s) = Y(s)/X(s) = Y(s)/1 = Y(s)
The magnitude of the Laplace transform Y(s) can be solved easily. In this case, Y(s) is
equal to G(s), the transfer function. Ogata (1970) gives the mathematical result of this
transformation for the case at hand. His equation is shown directly below:
IY(s)I = K+ To' Equation 3.32
where:
K = gain in system = 1 in this case
(= frequency in radians/time
IY(s)I = magnitude of the Laplace transform
T= time constant of the system
Figure 3.4 shows the magnitude of the Laplace transform of Equation 3.30,
which is equivalent to the transfer function of the system. At frequency equal to zero
hertz, the magnitude of the transfer function must equal the integral of Equation 3.30.
In this particular case, the integral of Equation 3.30 equals exactly one. Figure 3.4
represents the transfer function for the penetrometer shaft with the 40micron porous
element. This same procedure can be followed for the functions derived for the low
permeability stone. Figure 3.5 shows the magnitude of the transfer function for the low
permeability stone.
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Chapter 4
Instrumentation for a Proposed Slurry Penetrometer
4.1 Introduction
Developing the instrumentation for the proposed slurry penetrometer requires
consideration of the following design criteria.
1) The penetrometer instrumentation must have the necessary accuracy, sensitivity, and
range to measure the tip resistance and pore pressures of slurries versus depth.
2) A profile of soil is required of at least 20cm in depth.
3) The penetrometer should allow for measurements near the surface of the soil bed,
4) The time response of the penetrometer must be negligible.
Using the above design criteria, the next sections introduce instrumentation for a
proposed slurry penetrometer. Specifications for the following components are given:
the penetrometer shaft, the porous element at the tip, the load cell, and the pore
pressure transducer.
4.2 Shaft
The shaft of the given penetrometer is proposed to be 25cm in length. This will
allow for a penetration into the soil sample to a depth from the surface of about 20cm
as required by the design criteria. As discussed in Chapter 2, there is a belief that the
top layer of soil will be disturbed by the insertion of the probe by an amount of 5 to 10
times the diameter of the probe. For this reason, the diameter of the probe should be
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minimized to allow for near surface measurements. Thus, for this penetrometer, a shaft
was selected with the following dimensions:
Inner Diameter = 0.173in = 4.39mm
Outer Diameter = 0.203in = 5.16mm
Tubing with these above dimensions is available from Small Parts Incorporated. The
tolerance specifications are given below (Small Parts, 1993):
Inner Diameter: ±0.001in
Outer Diameter: ±0.003in
The tubing selected in the preliminary design is stainless steel tubing type 304W. Small
Parts Incorporated has this tubing available in 24in or 36in lengths. The tubing can be
ordered in these lengths and cut to the appropriate 25cm length.
4.3 Porous Stone
The importance of the porous stone is demonstrated in Section 3.4. The
permeability of the stone is the controlling factor in the theoretical response time of the
penetrometer. Thus, the selection of the appropriate stone is crucial. The porous stone
which is used for the experimental program is from Mott Metallurgical Corporation.
The stone has an average pore size of 40microns. The stone is made out of porous
stainless steel sheets. Figure 4.1 shows a magnified view of the 40micron stone (Mott
Metallurgical Corporation, August, 1993). It should be noted that each micron grade
sheet comes in a standard size thickness. The 40micron sheets come standard at
0.078in. "Mott Metallurgical Corp. manufactures porous metal fibers featuring
precisely controlled porosity, achieved through precompaction and sintering of stainless
steel and other metals (April, 1993)." The company also offers materials with "...high
strength, corrosion resistance and/or temperature resistance...(April, 1993)."
Figure 4.2 shows the flow characteristics of the 40micron stone (Mott
Metallurgical Corporation, August, 1993). The permeability of the 40micron stone is
k=2x10- 2cm/sec according to Mott Metallurgical Corporation (August, 1993). In order
to verify this permeability, a constant head permeability test was performed on a
saturated 40micron porous stone which was already inserted into a stainless steel shaft.
The permeability was determined experimentally to be k= 2.64 x 10-4cm/sec. The
experimental value of permeability of the porous stone is used for all theoretical
calculations.
These particular porous stones were selected for several reasons. First of all,
since the stones are made of stainless steel, they can be easily cut into the appropriate
shape. In this case, the stones were cut to fit the inner diameter of the shaft using a
lathe. Secondly, the stones can be easily placed inside the tubing for the shaft. For this
experimental program, the stones were fit into the shaft by using a temperature fitting
process. The shaft tubing was heated to expand until the stones could be placed easily
inside. Thirdly, the stainless steel material means that the stones will not bend or
deform significantly under the applied pressures. Also, the stone must resist corrosion
of any kind.
For the 40micron stone, the porosity is n=0.49. The porosity value was quoted
verbally by a member of Mott Metallurgical Corporation.
4.4 Load Cell
The load cell selected for use in the proposed penetrometer must be compatible
with the design criteria. It must be sensitive enough to record forces which would be
expected from the given slurries. Also, the capacity must be high enough not to exceed
the expected range. Based on the information presented in Sections 2.2 and 2.3, the
values of the point resistance can be approximated for slurry. Section 2.2 gives a
correlation of the undrained strength with the point resistance using Equation 2.5. As
previously mentioned, Nc is assumed to be 16 for Boston Blue Clay (BBC). From
Section 2.3 and Figure 2.12, the su values which would be expected for BBC are
between O.lg/cm 2 and lg/cm2 .
The lower and upper bounds of expected forces need to be estimated for the
purpose of selecting a load cell. The lower bound of the qc values which might be
recorded by the load cell can be estimated. The vertical stress at the lower limit would
equal zero. Therefore, Equation 2.5 will reduce to the following equation at its lower
bound:
qc = Ncsu Equation 4.1
Using the above mentioned estimates, qc = 1.6g/cm2 at its lower limit. Multiplying this
value for qc times the projected tip area of 0.209cm 2 a minimum value for the load cell
can be determined as .33g.
Although the upper limit will probably not be as critical for this transducer (due
to the magnitude of the lower bound), it should be checked to give an idea about the
range of values which will be likely to occur. The maximum vertical stress will occur
at the bottom of the soil bed tested. A soil bed depth of 20cm will be assumed for the
purposes of this calculation. Results from fall cone tests by Zreik (1994) will be used to
estimate the upper bound of qc values expected. For fall cone tests run on sedimented
beds of Boston Blue Clay at a depth of 10cm, the following results are obtained:
w=100%
su=0.8g/cm 2
o'=2.6g/cm 2
The following additional soil properties can be assumed for BBC:
G = specific gravity = 2.75
S = saturation = 1.0
Assuming that when the depth doubles, the strength will double obtains the following
results for a depth of 20cm:
w=100%
su=1.6g/cm 2
o'=5.2g/cm 2
u=20g/cm 2
Equation 2.5 can now be used again. The resulting value obtained is qc = 51g/cm 2. To
determine the maximum upper limit on the strength this value of qc can be multiplied
by the projected tip area. The maximum value expected will be 10.6g. Hence, a load
cell is needed which will record force values between approximately 0.3g and 10.6g.
This calculation ignores shaft friction and buoyancy of shaft considerations.
The range which will be required for this project is noticeably small. A Wagner
load cell LPM530 with 1000g capacity was chosen because of its high sensitivity and
low upper limit. This load cell has a small housing which will be easy to work around.
Additionally, the cell is connected through two threads on each side of the transducer.
It is made from stainless steel. It can operate in both tension and compression. Another
important consideration for the load cell is that it be able to support the mass of the
shaft in tension. Figure 4.3 shows a schematic of the transducer (Wagner, 1992). This
load cell takes an input voltage of 5v. Its rated output is 2mVIV. Using this constant
plus knowledge about the data acquisition capabilities in the laboratory, the sensitivity
can be calculated as follows:
Sensitivity = Capacity / [Rated output x Input Voltage] #[Data Acquisition Resolution]
Equation 4.2
The resolution of the data acquisition can be conservatively estimated as 0.000001V.
Thus, using Equation 4.2, the sensitivity of the Wagner LPM530 can be calculated as
0.1g. Since the expected range over which the point resistance of the slurries to be
tested will vary, it is possible that this signal will need to be amplified to obtain greater
sensitivity. Another alternative which will allow for greater sensitivity is to connect the
load cell to another data acquisition system with a greater sensitivity.
As with all electronic products, this LPM530 load cell must be checked for drift.
If the load cell were to naturally fluctuate in output over time by a significant amount,
then modifications would be needed before it could be used for this project. A test was
run to check for drift. Figure 4.4 shows the results of this test. In units of normalized
voltage, the drift of the load cell's signal was on the order of 10-6 over a period of 2
days. This drift is approximately _±0. 2g which is significant. This suggests that more
sensitivity in the data acquisition system will be required.
The load cell must also be accurate enough to maintain a linear calibration.
Figure 4.5 shows the calibration of the Wagner LPM530 load cell. The calibration was
performed from Og to 50g using small weights placed on the load cell in compression.
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The calibration showed that the transducer is linear within the required range of
expected use. The calculated calibration factor is -641,300g/V/V with an R2 (goodness
of fit) value of 0.9994.
Therefore, the Wagner LPM530 tension/compression load cell is recommended
for use in the proposed penetrometer. It has the necessary sensitivity for use in the
range expected for this penetrometer. The accuracy of the transducer meets the
technical specifications. The size of the transducer is compatible with the requirements
of the project.
4.5 Pressure Transducer
The pressure transducer recommended for use in the proposed penetrometer is
the Motorola MPX201ODP. This transducer has a diaphragm made of silicon. The
diaphragm is housed within a plastic casing. The pressure is read through a 'positive
pressure port'. Figure 4.6 shows a schematic of the transducer (Motorola, 1992). Table
4.1 gives the characteristics of the Motorola transducer MPX2010DP (Motorola, 1991).
Figure 4.7 shows the technical specifications for the manufacturing of the housing
(Motorola, 1992). The transducers are small, lightweight, and inexpensive. They are
used for measuring blood pressure and for other biomedical applications. Thus, they
can be used to measure water pressure. Motorola manufactures this transducer in
several different ranges. The range recommended for use in the proposed penetrometer
is the 1.5psi range. The transducer housing for Motorola transducers in other psi ranges
is the same as that for the 1.5psi transducer. Thus, the 100psi transducer MPX700DP
looks physically the same as the MPX2010DP. These transducers will later be
compared for the properties of their housings and diaphragms.
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The expected range over which the pressure transducer will be used in the
proposed penetrometer will be approximated considering several factors. For soft clays,
the pore pressure (u) is approximately equal to qc. Thus, u is determined to be
51g/cm 2 at the upper boundary. Also, since the transducer will be in tension for the
time when it is out of the water, hydrostatic water pressure conditions apply.
Hydrostatic water pressure can be calculated through the use of Equation 4.3 as follows:
u = vw z Equation 4.3
where:
u = hydrostatic water pressure
yw = unit weight of water
z = vertical depth of measurement
Assuming that the maximum depth which the shaft is penetrating is 20cm, the
maximum hydrostatic water pressure is calculated as 20g/cm2. The pressure transducer
must have a large enough range so as not to exceed the maximum expected pore
pressures, while still being sensitive enough to record pressure differences. A 1.5psi
pressure transducer allows for the maximum expected pore pressure to exceed the
expected theoretical pressure.
The sensitivity of the Motorola MPX2010DP transducer must also be examined.
Equation 4.2 is used to calculate the sensitivity of the transducer. At its full scale
output with 10V supply voltage, the transducer has an output of 25mV (See Table 4.1).
The sensitivity of the MPX201ODP transducer is then calculated as 0.0042g/cm 2. Thus,
the transducer should have an adequate sensitivity over the appropriate range.
These Motorola transducers have the necessary accuracy required for this
project. The drift of the transducer was checked over a period of 24hours. Figure 4.8
gives the results of this test. The magnitude of the drift is on the order of 10-5VIV. This
drift is acceptably low and will not interfere with the normal use of the transducer.
Figure 4.9 shows the calibration of the Motorola 2010DP pressure transducer. The
transducer was given 10Vdc input voltage. The calibration was accomplished by
applying water pressure to the transducer. This water pressure was applied through
plastic tubing attached to the transducer. The head was varied by moving the tube to
various heights to create different pressures. The transducer showed sufficient accuracy
to be recommended for use in the proposed penetrometer. For the sample transducer
calibrated, the calibration factor is -40,775g/cm2NIV and the R2 value is 0.9997. The
Motorola MPX700DP transducers displayed similar accuracy characteristics. However,
these transducers were calibrated using oil pressure. The input voltage used for the
calibration is 5Vdc. Since the MPX700DP transducers have a range from Opsi to
100psi, they can be calibrated using equipment found normally in the MIT geotechnical
laboratory. The normal device which is used to calibrate pressure transducers can be
adapted for use with the Motorola transducers by altering the attachment. The new
attachment which fits the Motorola transducers consists of a smaller screw which
attaches to a plastic tube. This plastic tube can then be connected to the pressure port of
the Motorola transducer. In both cases, the MPX2010DP and the MPX700DP, the
pressure is applied to the 'positive pressure port' by connecting a tube filled with water
or oil to the port. A typical calibration of the Motorola MPX700DP transducers is
shown in Figure 4.10. The calibration factor for this transducer is 307,828g/cm 2/VIV
with an R2 value of 0.99998.
As previously mentioned, the Motorola transducers, "...house a single
monolithic silicon die with the strain gage and a thin-film resistor network integrated on
each chip. The sensor is laser trimmed for precise span and offset calibration and
temperature compensation (Motorola, 1991)." Figure 4.11 shows a schematic of the
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inside of these pressure sensors (Motorola, 1992). The silicon diaphragm should be
noted as having a typical thickness of imicron.
The pressure port on the Motorola MPX2010DP and MPX700DP pressure
transducers is easy to connect to the proposed penetrometer and other testing devices.
As mentioned, the transducers are easy to connect to the calibration device.
Additionally, the transducers must be easy to connect in other situations. The inner
diameter of the proposed steel shaft was selected with its connection to the pressure
transducer in mind. The pressure port of the Motorola transducer can be connected to
this stainless steel tubing with only minor adjustments. The pressure port is made of
plastic which can be scraped away until the steel tubing fits over the port. The steel
tubing can then be permanently attached to the transducer through the use of Devcon 5
Minute Epoxy. Figure 4.12 shows a transducer with the steel tubing attached at the
pressure port. This steel tubing makes the pressure transducer easy to attach to the
proposed penetrometer or to the time response testing device.
Motorola MPX series pressure transducers have the correct size, accuracy, and
sensitivity properties to be recommended for use in this project. The MPX201ODP with
range of 1.5psi is recommended for use in the proposed penetrometer. The MPX700DP
will be used to test the time response. These two transducers have similar physical
properties such that their time response characteristics should be equivalent.
Table 4.1: Motorola Pressure Transducer Characteristics
(Motorola, 1991)
OPERATING CHARACTERISTICS (VS - 10 Vdc. TA - 25'C unless otherwise noted.)
Characteristics Symbol Min Typ Max Unit
Pressure Range 1 POP 0 - 10 kPa
Supply Voltage VS - 10 16 Vdc
Supply Current o I - 6.0 - mAdc
Full Scale Span 2, Fipure 2 VFSS 24 25 26 mV
Zero Pressure Offset, Figure 2 Vo, -1.0 I -0.05 +1.0 mV
Sensitivity AVIAP - 2.5 - mV/kPa
Linearity 3,11  - - I 0.15 = 1.0 %FSS
Pressure Hysteresis4 (0 to 10 Pa) - - j -0.05 =0.1 ;FSS
Temperature Hysteresis 5 (-40'C to + 125C) I - - I =0. I - FSS
Temperature Effect on Full Scale Span 6 (0 to +e85'C) TCVFSS - -- 1.0 %FSS
Temperature Effect on Offset7 10 to + 5"C) TCV.ff - - 1.0 mV
Input Impedance Zi n 1300 - 2500 n
Output Impedance out 1400 - 3000 n
Response Tame8 (10". to 90;) tR - 1.0 - ms
Temperature Error Band I 0 - 85I C
Stability I - I - 0.5 - %FSS
MECHANICAL CHARACTERISTICS
Characteristics Symbol Min Typ Max Unit
Weigh: (Basic Element Case 344-06) - - 2.0 - Grams
Warm-Up I15 - Sec
Cavity Volume I - 0.01 IN3
Volumetric Displacement - - - 0.001 IN3
Common Mode Line Pressure - - - 100 PSI
NOTES:
1. 1.0 kPa (kiloPascal) equals 0.145 PSI.
2. Measured at 10 Vdc excitation for 10 kPa pressure differential. VFS S and FSS are like terms representing the algebraic
difference between full scale output and zero pressure offset.
3. Maximum deviation from end-point straight line fit at 0 and 10 kPa.
4. Maximum output difference at any pressure point within POP for increasing and decreasing pressures.
5. Maximum output difference at any pressure point within POP for increasing and decreasing temperatures in the range
-40'C to + 125,C.
6. Maximum variation of full scale span at O'C and +85*C relative to +25'C.
7. Maximum variation of offset at 0*C and +85*C relative to +25'C.
8. For a 0 to 10 kPa pressure step change.
9. Stability is defined as tie maximum difference in output at any pressure within POP and temperature within + 10°C to
+85*C after:
a. 1000 temperature cycles, -40"C to + 125'C.
b. 1.5 million pressure cycles. 0 to 10 kPa.
10. Operating characteristics based on positive pressure differential relative to the vacuum side.
11. Using "best fit straight line" method: typical linearity is .075%.
Figure 4.1: Magnified View of Porous Stone
(Mott Metallurgical Corporation, August, 1993)
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Figure 4.3: Schematic of Load Cell
(Wagner, 1992)
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Figure 4.6: Schematic of Motorola Pressure Transducer
(Motorola, 1992)
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Figure 4.11: Schematic of Inside Motorola Pressure Sensors
(Motorola, 1992)
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Figure 4.12: Pressure Transducer with Steel Tubing Attached at the Pressure Port
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Chapter 5
Experimental Set-Up
5.1 Introduction
The purpose of the experimental program is to verify the theoretical derivation
of the time response equations proposed in Chapter 3. Chapter 3 discusses the time
response of a pressure transducer connected to the proposed penetrometer shaft. The
proposed penetrometer shaft tested consists of a hollow stainless steel tube with a
porous steel stone at one end. The dimensions and specifications for the shaft and stone
are given in Chapter 4. The stone tested has an average pore sizes of 40microns. The
pressure transducer is connected to the steel tubing at the opposite end from the porous
stone. The time response of the penetrometer system will be the time between the
application of the pressure to the tip of the penetrometer (at the porous stone) and the
propagation of this pressure to the other side of the porous stone. The experimental
program is designed to measure this time.
This response time can be measured experimentally by recording the input
pressure and the output pressure. The input pressure is defined as the pressure applied
at the tip of the shaft (at the porous stones). The output pressure is recorded as the
pressure measured at the other end of the shaft. Pressure transducers are attached which
record these input and output pressures. The pressure input will be produced by
increasing the water pressure to the system. The penetrometer shaft and transducers
will be connected to a cylinder which will provide a water reservoir through which the
pressure is applied. The pressure transducers must be connected to an input voltage
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supply. All electronic equipment is connected to the data acquisition system. The
pressure can be applied to the frequency response system through several different
means. The time response of the proposed penetrometer is measured through the
complete experimental set-up.
Section 5.2 will provide a more detailed description of the testing equipment.
The experimental testing procedure which is implemented is described in Section 5.3.
5.2 Testing Equipment
5.2.1 Frequency Response System
The complete frequency response system can be seen in Figure 5.1. The
frequency response system will allow for the measurement of the time response of any
selected penetrometer shaft. In particular, Figure 5.1 shows the connection of a
stainless steel shaft with a 40micron stone. Figure 5.2 shows a photograph of the
schematic from Figure 5.1. The frequency response system can also be assembled
without a penetrometer shaft to compare the response of two pressure transducers. The
frequency response system consists of several components which will be discussed
below.
Cylinder
The cylinder is the component of the Frequency Response Device which holds
the water reservoir which applies the incremental pressure. Figure 5.3 shows a
photograph of a plan view of the cylinder. Figure 5.4 shows a schematic of the cylinder
in profile. The cylinder is approximately 15.5cm tall. It is made of aluminum. The
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outer diameter is 75mm, and the inner diameter is 38mm. It is open at the top but solid
at the bottom. There is a hole on one side of the cylinder. This hole leads to a threaded
connection to the outside of the cylinder. A swagelock T-connection is attached to the
cylinder. Detail A in Figure 5.4 shows Joint A in plan view. Joint A will allow the
cylinder to be connected to other pipes. Near the top of the cylinder is an o-ring groove
along the cylinder's inner diameter. This o-ring will provide a low friction seal to a
cylinder piston. Along the top rim of the cylinder is a screw. This screw is to bleed
excess water from the system. It also has an o-ring seal.
Connections
All connections in the frequency response system must be water tight and free
from entrapped air. Any entrapped air in the system would introduce potential air
bubbles. Air bubbles can significantly affect the compressibility of the system.
Therefore, swagelock connections are used wherever two pipes meet. Figure 5.5 shows
the swagelock connection used for Joint B (see Figure 5.1). On the left is a swage.
This swage is screwed down onto a threaded pipe. The seal is completed through the
use of a ferrule and two o-rings, which can also be seen in Figure 5.5. A 1/4 " size
swagelock connection was used for all connections in the frequency response system.
The swagelock connection used is not standard, but instead is modified with the o-rings.
This is because the shaft diameter is a non-standard size.
Penetrometer Shaft
The specifications for the penetrometer shaft are given in Chapter 4. The shaft is
25cm in length. It can be connected to the cylinder through a swagelock connection.
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The shaft is connected to the cylinder at Joint A. This connection allows the
penetrometer shaft to experience any water pressure increase applied to the cylinder's
water reservoir,,
Pressure Transducers
The pressure transducers used for time response testing are the Motorola
MPX700DP sensors. Their nominal capacity is 100psi. Two pressure transducers are
needed for the time response testing. Transducer #1 will record the input pressure.
Transducer #2 will record the output pressure. Figure 5.1 shows the placement of these
two transducers in the system. Transducer #1 is attached directly to the pipe coming
from the cylinder. Transducer #2 will record the pressure after the incremental
pressure has traveled through the porous stone. Transducer #2 must be connected to the
system through Joint B. Figure 5.6 shows Joint B.
Each pressure transducer has been fitted with a short piece of stainless steel
tubing connected to the pressure port. This tubing is attached using Devcon 5 Minute
Epoxy. This configuration is shown in Figure 4.12. The attachment of the steel tubing
allows the swagelock connection to fit.
Figure 4.6 shows a schematic of the pressure transducers. It should be noticed
that the transducers are connected electronically through four pins. These four pins are
for connections to the following wires (Motorola, 1991):
1) Ground
2) Positive Output
3) Supply
4) Negative Output
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Thus, pins 1 and 3 connect to the power supply (see Section 5.2.2). Also, pins 2 and 4
will be connected to the data acquisition system to read the signal output.
Cylinder Piston
Figure 5.7 shows a photograph of the cylinder piston. The piston fits into the
frequency response system at the top. It is pushed into the cylinder until it meets and
then passes the o-ring. The top of the piston has a screw which can be fitted to a
hydraulic pump to generate pressure. If pressure will not be applied through a hydraulic
pump, washers can be placed around the screw to make the top smooth.
Each of the above mentioned components fits together to make the frequency
response system. Figure 5.1 shows a schematic of the complete frequency response
system. Once the system is set-up, it allows for the measurement of the time response
of the proposed penetrometer shaft.
5.2.2 Power Supply
The requirement of the power supply for this project is to convert 11OVac to
5Vdc. There are several power supplies available in MIT's laboratory which fulfill this
requirement. Each of these power supplies is able to provide 5Vdc current which does
not drift significantly over time. All of these power supplies provide a range of dc
power from Ovolts to 40volts. The power supply must be properly grounded in order to
eliminate noise from the testing system. The power supply is connected to the Motorola
MPX700DP pressure transducers.
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5.2.3 Data Acquisition System
The data acquisition system selected for use in the time response testing
program is a Hewlett Packard (HP) system. The system consists of several components,
which can be seen in Figure 5.8. These components are as follows:
1)HP 3852A Data Acquisition System
2) HP 300 series 9000 Personal Computer
3) HP 9122 double 3 1/2" floppy disk drive
4) HP 11" monochrome monitor and HP keyboard
5) Integrating (Slow) Voltmeter
6) High Speed Voltmeter
The HP system uses HP Basic 6.21 programming language to control the acquisition of
data. The program written to collect the data and write the output to a disk can be found
in Appendix A (Germaine and Iglesia, 1987). The capabilities of the program are as
follows:
1) Collect data slowly using the HP Integrating Voltmeter HP44701A. The maximum
speed of data collection using the 'slow' feature is two readings approximately every 0.3
seconds.
2) Collect a burst of data quickly using the HP 13-bit High Speed Voltmeter
HP44702A/B. The maximum speed of data collection using the 'burst' feature is
approximately 100,000 readings per second. The burst will be triggered by a voltage
reading (from low to high or vice versa) which is greater than a certain threshold value.
The threshold is specified each time the program is run. The details for each burst test
can be altered each time the program is run. These details include the followings:
number of readings taken before the trigger, number of readings taken after the trigger,
the channels to be recorded, and the time interval.
3) Store the data collected onto a HP disk with Hierarchical File System (HFS) format.
The data must be stored so that it can be easily converted into DOS format. This means
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that the time and voltage readings must be stored for each measurement. The readings
should be separated by a comma. The end of each line should be indicated by the
'return'.
The HP Integrating Voltmeter is a more accurate way of collecting data than the
HP High Speed Voltmeter. The Integrating Voltmeter provides exceptional noise
reduction. HP defines integration time as: "..the amount of time that the A/D converter
samples the input signal.... With longer integration times, the measurement, accuracy
and normal mode rejection increases, but measurement speed decreases (HP3852A Data
Acquisition/Control Unit Vol. 2 Part I, 1985). The High Speed Voltmeter is used when
speed becomes an issue. The High Speed Voltmeter uses successive approximation to
convert the signal. Although this method is not as accurate as an integrating voltmeter,
it is much faster.
The High Speed Voltmeter can be set-up over a variety of voltage ranges. This
particular model has four settings as follows: 40mV, 0.32 V, 2.56 V, and 10.24 V. The
range settings will limit the signals that the voltmeter will read. Changing the range of
the voltmeter also changes the resolution and sensitivity of the readings. The closest
range over which all necessary voltage readings can be recorded is selected for use in
the experimental program. When several ranges are used during a single test, a dummy
channel must be inserted between the channels where the range changes. Otherwise,
the HP system records error values on the channels around the range change. This
dummy channel is set for either one of the two ranges tested. The dummy channel will
record the error message of lx10 38volts.
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Using the HP Basic program, data is stored on HFS formatted 31/2" double
sided, double density disks. If the data is written to the disks in the proper format, the
data can then be converted onto a DOS formatted 31/2" double sided, double density
disks. An HP unix system with two floppy disk drives can make this conversion. This
places the data in ASCII text format which is comma delineated. This DOS disk can
then be read into any standard personal computer spreadsheet software. In this case,
Excel is used.
5.2.4 MTS Controller
The Materials Testing System (MTS) is used in the experimental program to
apply pressure to the frequency response device. The MTS applies pressure through the
use of a piston which is controlled through a hydraulic actuator. The piston can be
controlled to produce pressure of varying amounts and in varying patterns. Figure 5.9
shows the MTS 406 Controller. On the left hand side of the box, there are dials which
are labeled 'SET POINT' and 'SPAN'. The 'SET POINT' dial controls the original
position of the piston. The piston has a maximum horizontal displacement of 10cm.
The 'SPAN' dial controls the distance the piston moves during the cycle. Figure 5.10
shows the MTS 436 Control Unit. This Control Unit includes the 'Function Generator'.
The 'Function Generator' allows the user to specify the frequency and shape of the
applied pressure pulse. For this project, the MTS will be used to generate a sine shaped
pulse. The 'HYD PRESSURE' buttons control the hydraulic pump which generates the
pressure to drive the system. 'HIGH' hydraulic pressure is needed in order to operate
the MTS. The 'PROGRAM' button controls the starting and stopping of the piston.
112
Figure 5.11 shows the piston with a screw attachment to fit the frequency response
system.
5.3 Procedure
This section includes the steps necessary to run any of the tests used for the
experimental portion of this project.
Step 1: Preliminary Preparations
A: Fill a large tank with tap water. This tank will be used to make under-water
connections of frequency response system. Let the tank sit for 24hours before use.
B: Attach short pieces of stainless steel tubing to the pressure port of two Motorola
MPX700DP pressure transducers. Make this connection using Devcon 5 Minute
Epoxy. Allow this epoxy to dry overnight.
Step 2:
Using the Nold Deairator, deair water for use in deairing the penetrometer shaft. Place
the penetrometer shaft into a bottle filled with deaired water. Place this bottle into the
Branson 12000 ultrasound device for 20minutes. (This ultrasound device uses high
frequency vibration to eliminate any air bubbles which may be present in the porous
element.) Set up the Nold deairator to deair some more water for use in filling the water
reservoir in the frequency response system cylinder.
Step 3:
Fill the frequency response system cylinder with deaired water. Place the cylinder into
the large tank. Using a syringe filled with deaired water, fill the penetrometer shaft
with water. Place the shaft into the large tank.
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Step 4:
Again using a syringe filled with deaired water, fill the pressure port of one Motorola
transducer (with pipe fitting) with water. Check to eliminate any visible air bubbles.
Using the swagelock connection (swage, two o-rings, and ferrule), attach the transducer
to the cylinder at Joint A. The transducer is completely submerged when this
connection is made.
Step 5:
Using another swagelock connection, attach the penetrometer shaft to the other side of
Joint A. The porous stone should be on the side of Joint A closest to the cylinder.
Step 6:
Using the same procedure as in Step 4, attach the second Motorola transducer.
However, this time the transducer will be attached at Joint B.
Step 7:
Insert the cylinder piston into the top of the cylinder. Tighten the screw on the top of
the cylinder.
Take the frequency response system out of the large tank. Dry off the system.
Step 8: (For MTS tests only.)
Attach the frequency response system to the MTS piston if applicable. Tighten metal
straps around the frequency response system to hold it in place.
Step 9:
Attach the transducers to the input voltage source of 5Vdc. Connect the transducers to
the data acquisition system.
Step 10:
Load the Basic program which controls the data acquisition system. This program is
found in Appendix A. Run the program. Start the data collection.
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Step 11:
Apply the pressure to the frequency response system. A beep sounds when the HP data
acquisition system has finished collecting the 'burst' data.
Step 12:
Store the data on an HFS disk. Then, convert the data the DOS format.
The tests in the experimental portion of this project are completed through the
above twelve steps. Step 7 involves the use of the computer program found in Appendix
A. The program has a 'slow' feature and a 'fast' feature. The 'slow' feature uses the
integrating voltmeter. The integrating voltmeter can read two channels approximately
once every 0.3seconds or less. The computer code requires the input of an interval time
between readings. The computer takes readings as quickly as possible when the interval
is set for zero. The data collection can be stopped at any time using the 'slow' feature.
The number of readings taken is displayed on the screen. The 'fast' feature requires
more input parameters. The voltage range is selected from the ranges mentioned
earlier: 40mV, 0.32V, 2.56V, and 10.24V. The 2.56V range is used for most tests in the
experimental program. The 'fast' program also requires the user to input a threshold
voltage value which when crossed triggers the data storage. The number of readings to
be stored before and after the trigger are requested by the program before the start of the
data collection. The number of readings and time interval are also specified before the
program starts collecting data. When the number of readings and the time interval are
specified, a 'window' of time is established. This window must be large enough to
capture the entire test. For both 'slow' and 'fast' tests, the number of data points
gathered should not be more than one thousand readings for each channel. This allows
for the data to be processed quickly after the test is completed.
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Step 11 entails the application of pressure to the frequency response system.
Through the experimental program established, pressure is applied to the frequency
response system in two different ways: with a rubber mallet and with the MTS
Controller. A testing program is established using these two different methods of
applying water pressure to the frequency response system. This testing program
includes tests which establish the following: the dynamic response of the individual
pressure transducers, the accuracy of the input pressure measuring system, and the total
time response of the penetrometer shaft with the 40micron porous element. Chapter 6
will give the details about the testing results and analysis.
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Figure 5.2: Frequency Response System
As shown: Steel Shaft with 40micron stone
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Figure 5.3: Plan View of Cylinder
119
c:0
0
C
0)
0o
T) O
4-
0
0
co
-Fl
a'
120
Q)
cmL.
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Figure 5.6: Joint
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Figure 5.7: Cylinder Piston
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Figure 5.8: Data Acquisition System
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Figure 5.9: MTS 406 Controller
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Figure 5.10: MTS 436 Control Unit
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Figure 5.11: Piston
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Chapter 6
Experimental Program
6.1 Overview
The goal of the testing program is to experimentally determine the time response
of the pore pressure measurements for a given penetrometer shaft. The penetrometer
shaft used in all of these tests is the shaft with the 40micron porous stone.
Theoretically, the response of the shaft with the 40micron stone has adequate response
time to be used in practice. This will be verified when the response time is determined
experimentally.
The experimental program contains three different series of tests. All tests are
run using the procedures discussed in Chapter 5. The FR series of tests will determine
the dynamic response of the Motorola MPX700DP pressure transducers. These tests
are discussed in Section 6.2.1. The test series MTS will determine if the experimental
set-up is accurately recording the input pressure to the system. Section 6.2.2 contains
the information about the MTS test series. The data from the final tests run to
determine the time response of the given penetrometer shaft will be discussed in Section
6.2.3. This is the test series called MTS(I,II,III). Section 6.3 contains the analysis of
data gathered in the three test series. The results of the FR test series are discussed in
Section 6.3.1. Section 6.3.2 analyses the data gathered in series MTS. Finally, Section
6.3.3 discusses the data collected in test series MTS(I,II,III). Section 6.3.3 discusses
the determination of the experimental transfer function for the penetrometer shaft with
the 40micron stone. Additionally, the experimental transfer function is compared to the
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theoretical model. Also, the theoretical model is reevaluated because of the large
discrepancy between the theoretical and experimental results.
6.2 Testing Program and Results
6.2.1 Dynamic Response of Pressure Transducers
The test series FR is included in the testing program to determine the dynamic
response of the Motorola MPX700DP pressure transducers. According to the technical
specifications for the transducers, the response time for 10% to 90% of the pressure
increment should be 1 millisecond. However, the exact nature of the dynamic response
curve is not known. If the response time of the entire penetrometer system is in this
same range of times, the dynamic characteristics of the transducers may play a role in
the system time response.
Figure 6.1 shows the configuration of the frequency response system used in the
FR test series. The test set-up consists of two Motorola MPX700DP transducers which
should both record the same pressure. These two transducers are attached to the system
at a symmetrical connection. They are attached to the frequency response system using
the procedures described in Chapter 5. The pressure is applied to the system in a short
burst with a rubber mallet. The data acquisition system is set-up using the high speed
voltmeter. This means that the data acquisition system will trigger from a voltage
change which crosses a certain threshold value (either high to low or low to high
change). The trigger channel is set-up as either of the two transducers. When the burst
pressure felt by the transducer crosses the trigger value, the data acquisition starts to
store readings.
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This particular test was run in five groups named as follows: FRA, FRB, FRC,
FRD, and FRE. The differences among the five test groups are the transducers which
are attached to the set-up. Additionally, the range of voltages specified for use in the
data acquisition varies throughout the different test groups. Between each test group
except FRB and FRC, the entire system is taken apart and reassembled. FRB and FRC
tests are run with the same set-up. Table 6.1 shows the transducers and voltage ranges
used for each of the different test series. Section 5.2.3 discusses the different voltage
ranges available. For each of the test groups the relative pressure is graphed versus
time. The relative pressure is defined by establishing the initial system pressure as zero.
Figure 6.2 shows the results of the five trials of test group FRA. Test group FRB has
the same conditions as FRA. Figure 6.3 shows the results of five trials from test group
FRB. In test group FRC, the range over which the voltage was recorded was limited to
0.32volts. Whenever the transducers go out of this range, a value of lx10 38volts is
recorded by the HP computer. These out-of-range values are deleted so that an
informative plot. can be made. Figure 6.4 shows the results of test group FRC. Test
group FRD uses one transducer which is different from the first three test groups. The
voltage range is switched back to 2.56volts. Figure 6.5 contains the information about
test group FRD. In test group FRE, another combination of transducers is used with a
2.56volts range. The results of this test group can be found in Figure 6.6. Thus, in each
of the test groups FRA-FRE, five trials were run. The set-up remained the same
between the trials of each of these tests.
In test series FRC, one of the transducers was recorded on two channels. The
two channels were given two different voltage ranges of 2.56volts and 0.32volts. This
allows for the verification that the two different voltage ranges record the same values.
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Figure 6.7 shows two channels which recorded the same signal over two different
voltage ranges. Figure 6.7 represents Trial 1 of test series FRC.
The testing program FR allowed for the determination of the dynamic response
of three different Motorola MPX700DP pressure transducers. The high speed voltmeter
was used to record all of the results from this test series. Figures 6.2 through 6.7 record
the results of these tests. Five trials were run for each of the five test groups FRA,
FRB, FRC, FRD, and FRE.
6.2.2 Testing the Witness Pressure Transducer
Test series MTS is designed to establish whether Transducers #1 and #2 record
the same values (see Figure 6.1). Figure 5.1 shows a schematic of the frequency
response system with the penetrometer shaft attached. Transducer #1 (on the right in
Figure 5.1) measures the input pressure to the penetrometer system. However, the
actual input pressure occurs on the left hand side of Joint A closer to the tip of the
penetrometer shaft (see Figure 5.1). Test series MTS is designed to show that
Transducer #1 gives an accurate representation of the pressure on either side of Joint A.
Figure 6.1 shows the configuration of the system for test series MTS. If Transducer #1
and Transducer #2 record the same pressure, then Transducer #1 gives an accurate
representation of the input pressure to the penetrometer system.
The configuration of the frequency response system used in the test series MTS
is the same as that for test series FR and can be seen in Figure 6.1. The difference
between these two test series, FR and MTS, is the method of load application. The
MTS test series uses the MTS Controller to apply a load in the shape of a sine wave.
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The MTS Controller is discussed more thoroughly in Section 5.2.4. Figure 6.8 shows a
schematic of the testing arrangement. Again, these tests follow the detailed set-up
procedures outlined in Chapter 5. The frequency response system is placed on its side
and attached to the piston of the MTS Controller. The frequency response system is
fixed in a stable position so that it will not move during the application of the pressure.
Test series MTS uses the MTS Controller to generate a sine wave input pressure
pulse of approximately 1 Hertz (Hz) in duration. The high speed voltmeter was used for
this test series. The 'SPAN' setting on the MTS Controller can be adjusted to produce
pressure pulses of varying magnitudes. A larger 'SPAN' number corresponds to a larger
movement of the piston. A different span was used in each trial. This means that the
amplitude of the sine waves will vary among the trials. Four trials were run in this test
series. Figure 6.9 shows each of the four trials. The zero for the relative pressure
measurement is arbitrarily set for the first reading.
6.2.3 Testing the Penetrometer Shaft
Test series MTS(I,II,III) is designed to determine the time response of the
penetrometer shaft with the 40micron porous stone. The configuration of the frequency
response system for this test series can be seen in Figure 5.1. The pressure is applied to
the frequency response system through the use of the MTS Controller set at different
frequencies. Figure 6.8 shows the schematic of the profile of the frequency response
system attached to the MTS. The entire test set-up procedure, as outlined in Chapter 5,
is repeated three separate times. The Roman Numerals in the test name MTS(I, II or
III) indicate in which set-up the test is run. Table 6.2 shows the relevant information
about each of the three different set-ups. Three different transducers are used among the
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three test groups in series MTS(I,II,III). In each test group, the frequency response
system is tested at several different frequencies. Ten different frequencies less then or
equal to one hertz are tested throughout this series. Table 6.3 gives the letter which is
assigned to each frequency when naming the different trials in this series. Throughout
the test series, both voltmeters, integrating ('S') and high speed ('F'), are used. Table 6.4
gives a list of all the trials which are run in this test series. The name of each trial
reflects information about the following features of the trial: Test group number,
frequency of pressure application, voltmeter used, and trial number. For example, a
typical test name is MTSIIISD1. This test is run in set-up MTSIII. Table 6.2 contains
the information about which transducers are used for the test. The next 'S' represents
the use of the slow voltmeter (integrating voltmeter). The 'D' means that the frequency
of the pressure application used for the test is 0.35Hz from Table 6.3. The final '1'
means that this is the first trial at that particular frequency. There are several cases
where the same trial is recorded using both the integrating voltmeter and the successive
approximation voltmeter. For these cases, the test names repeat the final trial number.
The 'S' or 'F' will indicate which voltmeter is used for these instances. For this test
series MTS(I,H,III), sixty-two trials in total are run.
Some typical results collected throughout this test series are presented here to
give an overview of the data collected in test series MTS(I,i,III). Figure 6.10 shows
typical data from test series MTSI. The specific test shown in the figure is run at a
frequency of 0.25Hz. The 'fast' portion of the computer program is used to collect data.
Appendix B contains all of the data collected in test series MTSI. Figure 6.11 shows
typical data collected in test series MTSH. The first graph on the page (Figure 6.11 a)
shows data collected using the integrating voltmeter. The second graph on the page
(Figure 6.1 lb) shows data collected using the high speed voltmeter. Both sets of data
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are collected during the same trial. The test is run at a frequency of 0.05Hz. The
complete set of results from test series MTSII is found in Appendix C. Figure 6.12
shows a typical trial from test series MTSII. This particular graph shows the results of
test MTSIIISB4. In this particular trial, the pressure is applied at 0.10Hz. The 'slow'
feature of the computer program is used to collect data using the integrating voltmeter.
Appendix D contains the rest of the data from test series MTSIII. Thus, Figures 6.10
through 6.12 should give an idea about the data collected in test series MTS(II,III).
The complete set of test results from this series can be found in Appendices B, C, and
D.
6.3 Analysis of Results
6.3.1 Dynamic Response of Pressure Transducers
Test series FR establishes that the three Motorola transducers tested have very
different dynamic responses. As mentioned previously, the rise time (from 10% to 90%
response) reported for the transducers by Motorola is approximately one millisecond.
In this particular test series, the duration of the burst pressure input is of the same order
of magnitude (or lower order of magnitude) as the response time of the transducer. In
this case, if the rise time of each of the transducers is not standardized, the results
obtained in test series FR will record an input pulse magnitude which varies
considerably. Figures 6.2 through 6.6 show that the pressure magnitude is recorded
differently by each of the three Motorola MPX700DP pressure transducers tested.
Figure 6.'7 shows a comparison of two different channels recording the same
input pressure transducer. The two channels are set to record over different voltage
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ranges. Figure 6.7 shows that in this case the two channels recorded almost exactly the
same values. The range over which the data are recorded are selected carefully. Errors
can be noticed when the data acquisition is out of its data range. Using the given HP
data acquisition system, a value of lx1038 is recorded whenever the channels are out of
range.
According to Steve Black, an engineer at Motorola, the difference in the
dynamic response of the pressure transducers could be due to the manufacturing process
used by Motorola (1994). He suspects that the difference among the three transducers
which is causing the large difference in dynamic response is the thickness of the silicon
diaphragm in the transducer. Although the diaphragms are approximately 0.001inches
thick, there could be some differences in diaphragm thicknesses among the transducers
due to the tolerance specifications. A small difference in diaphragm thickness could
greatly change the dynamic characteristics of the transducer. Since the tolerance
specification for the transducer diaphragm thickness is not known, the magnitude of the
potential difference cannot be computed for the general dynamic response of all
Motorola pressure transducers. However, an estimate of the difference among dynamic
responses of the three transducers can be made based on the tests run in series FR.
Using the results from the test series FR, an estimate can be made for the
average difference in dynamic response of the transducers. For each plot in Figures 6.2
through 6.6, the time is noted at which the given transducer records the first peak. (The
first peak is specified since some transducers show oscillatory behavior.) Transducer
#9219 shows a very fast response of approximately 0.001seconds to the first peak.
Transducer #9320 has a dynamic response of about 0.002seconds. About a
0.004seconds response is recorded on average for Transducer #9325. This transducer
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(#9325) does not meet the Motorola technical specification for the transducers to have a
10% to 90% response in 0.001seconds. Hence, if the time response of the proposed
penetrometer is smaller than approximately 0.004seconds, then the dynamic response
must be considered for the transducers used in the test set-up.
In addition to differences in dynamic response time among the these three
transducers, several other important factor are noted from test series FR. There is a
large difference between the results of test groups FRA and FRB. The magnitude of
the pulse recorded by Transducer #9320 changes between the two test series. In FRA,
Transducer #9320 recorded a pulse with a very low peak compared to Transducer
#9219. However, in test group FRB, the peaks are much closer in magnitude. Since
these two test groups (FRA and FRB) are from different set-ups, the difference in pulse
magnitude can be attributed to air bubbles in one of the two set-ups. Thus, the
procedure mentioned in Chapter 5 to deair the frequency response system must be
carefully followed to avoid entrapping air bubbles in the system.
6.3.2 Testing the Witness Pressure Transducer
The purpose of the MTS series of tests is to verify that the input pressure can be
effectively measured on either side of Joint A (see Figure 6.1). This series also checks
to see that the frequency response difference observed in FR is not a problem when the
application of pressure pulses is slower. Figure 6.9 shows the results of this test series.
For the given sinusoidal input, the pressures recorded by the two transducers plot
virtually on top of each other. The few points where the two transducers deviate from
each other appears to be noise. Since the high speed voltmeter is used in this test series,
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the noise is expected. The deviations between the two transducers are small, scattered,
and random.
Figure 5.1 shows the schematic of the test series MTS(I,H,II). Transducer #1
is shown through test series MTS to be recording the same pressure values that would
be measured by another transducer placed on the left hand side of Joint A. Therefore,
through test series MTS, Transducer #1 is shown to be effectively recording the input
pressure to the penetrometer shaft which will be tested in MTS(I,H,IH).
6.3.3 Testing the Penetrometer Shaft
Determination of the Experimental Transfer Function
The results from test series MTS(I,H,IH) can be used to determine the
experimental transfer function of the penetrometer system with the 40micron stone. As
discussed in Chapter 2, the magnitude of the transfer function of a system includes the
value of the time constant. Through this test series, sinusoidal input pressures at
various frequencies are applied to the penetrometer system and recorded at discrete time
intervals. As can be seen in Appendices B, C and D, the output appears to also be
sinusoidal. This should not be surprising since according to Ogata (1970), "...a stable
linear time-invariant system subjected to a sinusoidal input will, at steady state, have a
sinusoidal output of the same frequency as the input." For the purpose of analyzing the
data obtained, sinusoidal input and output at the set frequency are assumed in this test
series. The magnitude of the transfer function and thus the time constant can then be
determined from the experimental results.
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Figure 6.13 shows the magnitude of the experimental transfer function. This
figure shows results from each of the three test groups: MTSI, MTSII and MTSIII. The
magnitude of the transfer function is calculated using two different methods which
should theoretically yield the same information. The two different methods used are
explained.
Method 1) Graphical determination of the amplitude ratio of the output function to the
input function at the given frequency. This assumes that the input and output are
perfect sinusoids. Additionally, the frequency recorded by the HP data acquisition is
assumed to be the same as the frequency specified by the MTS Controller. The average
value is for the amplitude ratio is calculated for a given trial.
Method 2) Both the input and output signals are passed through the window described
by Equation 2.17. (Figure 6.14 shows an example of this window transformation for
trial MTSIISC5.) The DFTs of both the input and output are then taken using the
computer program EasyPlot. The magnitude of the DFT of the output is divided by the
magnitude of the DFT of the input. This gives the magnitude of the transfer function at
the particular frequency tested and zero everywhere else. Due to sampling errors, some
noise may be present in the resulting function. The magnitude of the transfer function
is taken at the frequency tested. (This value may be an average of the two frequencies
closest to the frequency tested.) Using this method, one point of the transfer function is
determined for each trial.
Test group MTSI uses the high speed voltmeter to record data. Since the high
speed voltmeter induces much noise, Method 1 is used for analysis. The sampling
138
interval used in test group MTSI is not long enough to accurately perform a DFT. By
determining the amplitudes graphically, the noise in the signal is ignored. Trials
MTSIFG2 and MTSIK1 are omitted from this analysis due to data collection errors.
Test groups MTSII and MTSIII are analyzed using Method 2. Figure 6.13 contains
only results from the 'slow' tests in groups MTSII and MTSIII. Since most of the 'fast'
data gathered are from trials which also have 'slow' data, the more accurate 'slow' data
are used for the analysis. Figure 6.13 summarizes the magnitude of the experimental
transfer function determined through trials in groups MTSI, MTSII and MTSIII.
Comparison to Theoretical Model
Throughout the experimental program, the time response of the 40micron
penetrometer shaft appeared to be much slower than is predicted by the theoretical
model developed in Chapter 3. However, in general, the shape of the experimental
transfer function seems to be close to the theoretical model. The time constant of the
experimental curves obtained seems to be larger than that from the theoretical
expression.
Figure 3.4 shows the theoretical magnitude of the transfer function derived in
Chapter 3 for the penetrometer shaft with the 40micron porous element at the tip. The
magnitude of the theoretical transfer function for the penetrometer shaft with the
40micron stone is given again in Equation 6.1.
1
y = 1 ( Equation 6.11+ 0.0011286682 2
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where:
y= magnitude of transfer function
O = frequency in radians/time
Equation 6.1 is of the form shown in Equation 6.2 as follows (Ogata, 1970):
1y = I Equation 6.2
where:
y = magnitude of the transfer function
T = time constant of the system
0 = frequency in radians/time
This form for the magnitude of the transfer function is for first-order, linear, time-
invariant systems. When Equation 6.1 is evaluated at zero frequency, it always gives a
value of unity. This is theoretically and physically sound. The theoretical aspects are
explained in Chapter 3. Zero frequency represents a constant pressure input, which
should allow input to equal output.
Figure 6.15 is the result when a curve of the form of Equation 6.2 is fit through
the experimental magnitude data. The curve-fit is produced using the Easy-Plot
computer program. Equation 6.3 shows the results.
1Y = 1+1. 1202 Equation 6.3
4I1+1.551512co2
Thus, from the experimental transfer function magnitude calculations, the time constant
of the system is estimated as T=1.6seconds.
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In order to compare the experimental time constant to the theoretical time
constant, some adjustments are made to account for the experimental set-up. Figure 5.1
shows a schematic of the experimental set-up. Joint B is not actually rigid, and its
expandability should be taken into account before comparing the theoretical and
experimental results. The expandability of Joint B results in a new system constant for
Joint B which is called Mj. Figure 6.16 shows a schematic of Joint B. The following
dimensions are needed in order to calculate Mj:
Di = Inner diameter of swagelock pipe connection = 6.45mm
(measured)
Dp = Outer diameter of penetrometer shaft = 5.16mm
(Small Parts, 1993)
The effective diameter, De, is calculated from the above two quantities as follows:
De = D - D Equation 6.4
2
where:
De = Effective diameter
all other terms previously defined
Thus, De is calculated to be 5.81mm for the given experimental set-up. The force
which expands the joint is then defined as Fj. This force is a function of the pressure
pA(t) and is shown below in Equation 6.5:
Fi = pA(t) Equation 6.5
4
where:
all terms previously defined
For the case at hand, Fj = 26.5mm 2 pA(t). This force Fj is then converted into a shear
stress acting on the o-ring using Equation 6.6 as follows:
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F= Equation 6.6
DogDe
where:
t = shear force acting on the o-ring
Do = equivalent side length of o-ring in square shape
all other terms defined previously
For the given case, Do is approximated from the measured diameter of the o-ring as
1.6mm. Then r can be approximated as 0.907pA(t). The shear strain is then calculated
using Hooke's law (Gere and Timoshenko, 1984):
y =, / G Equation 6.7
where:
G = shear modulus
S= shear force
y = shear strain
The shear strain is defined as follows:
y = /H Equation 6.8
where:
y = shear strain
8 = deflection
H = height over which shear strain occurs
The H value for the case in question is calculated as the gap between the shaft and the
connection from Equation 6.9 as follows:
Di -DrH = - Equation 6.92
where:
all terms previously defined
For the case at hand, the H value is found to be 0.645mm. Once H is known, the shear
strain is known in terms of pA(t) and G. The shear modulus is set equal to the known
'value for the o-rings. An approximation of the Young's modulus of the rubber o-rings
is given by Bishop and Henkel (1976) as E=14,074g/cm 2 . Using the Young's modulus,
the shear modulus is approximated as G=9,383g/cm 2 . Once a value for G is known,
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then 8 can be found in terms of pA(t). The value of 8 is 0.00623 mm3/g PA(t). Since
Joint B expands on both sides, there is a deflection by the amount 28. A value for Mj
can be found once an expression is obtained for the total deflection. The total volume
change caused by the expansion of Joint B is found from Equation 6.10:
23;cDi2
Vj(t) = Equation 6.104
where:
V" (t)= Volume expansion of Joint B
all other terms previously defined
Equation 3.12 gives the form of the equation to obtain Mj using the results from
Equation 6.10. The solution for Mj in this case is 407mm5/kg.
In the theoretical system, the time constant is T=0.001 lseconds. Originally, the
theoretical value for M is calculated as Mt=22.56mm 5/kg. To correct for the
expandability of Joint B, the M value is corrected by the amount of Mj. The new
corrected value for M is called Mc. Equation 6.11 gives the information to find Mc.
Mc = Mt + Mj Equation 6.11
where:
Mc = Corrected theoretical system constant
Mt = Original theoretical system constant
Mj = Correction for the expandability of Joint B
Using Equation 6.11 the value for Mc is approximately 430mm5/kg. This new
theoretical value for the system constant can now be compared to the theoretical model.
Using the corrected system constant, a corrected theoretical time constant, Tc, is
evaluated using Equation 6.12:
1 kA
- =-b -M
T ywlM
where:
b=1/T = inverse of time constant
k = permeability
Equation 6.12
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A = cross-sectional area
Yw = unit weight of water
1 = thickness of porous stone
M = system constant
Using Equation 6.12, the value of Tc is 0.0215seconds when Mc is 430mm 5/kg. The
measured experimental value for the time constant is T=1.6seconds. The theoretical
model is reevaluated because there is still a large discrepancy between the theoretical
and experimental time constant.
Reevaluating the Theoretical Model
The discrepancy in the T value is assumed to be caused by an incorrect value for
the system constant M, because the permeability of the stone was directly measured.
Using the experimental value of T=1.6seconds, an effective value for the system
constant is calculated as Me=30,980mm 5/kg. The corrected theoretical value calculated
for the system constant is Mc=430mm5/kg. Chapter 3 gives three components of
AVolumeA which are used for the original theoretical calculations as follows:
1) Deflection of the transducer diaphragm
2) Compressibility of water
3) Expansion of the steel tubing
The expansion of Joint B gives a fourth component of AVolumeA which determines
the value of Mc. However, the experimental results suggest a fifth change in the inside
volume which is not established in the model. A new parameter Mpt is introduced to
show the extra component of AVolumeA as follows:
Me=Mpt + Mc Equation 6.13
where:
Me = experimental value for system constant
Mpt = error between the corrected theoretical constant and the
experimental system constant
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Mc = corrected theoretical value for system constant
After the theoretical system constant is adjusted to account for the expandability of
Joint B, the value is Mc=430mm 5/kg From the experimental data,
Me=30,980mm 5/kg. From Equation 6.13, Mpt=30,550mm5/kg.
The most likely source of Mpt is from the component of AVolumeA which
comes from the deformation within the Motorola pressure transducer. As seen in
Figure 4.11, the silicon diaphragm is surrounded by a 'silicone die coat'. The properties
of this silicone die coat are estimated to see if this material causes the difference
between Me and Mc. According to D. Monk at Motorola (1994), one of the silicone
products used in the die coat is a 'fluoro-silicone gel'. Monk's data about the gel state
that the elastic modulus of the gel is E= 1,231g/cm 2. The Poisson's ratio pt is not known
exactly.
The behavior of the silicone gel can be modeled theoretically. Using a sample
Motorola transducer which is cut open, the dimensions of the silicone cavity are
measured approximately as follows:
Diameter of cavity: 6.33mm
Height of cavity : 3mm
Assuming that the cavity is a perfect cylinder, the volume of the cavity (Vpt) is
0.0941cm 3. Equation 6.14 is developed following the same form as Equation 3.8.
A V,(t) p(t) - Equation 6.14
where:
AVpt(t) = missing component of AVolumeA
Vpt = Volume of the silicone cavity
Ks = Bulk modulus of silicone gel
PA(t) as previously defined
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The bulk modulus is calculated using the given estimate for the elastic modulus. Gere
and Timoshenko (1984) give the relationship between the bulk modulus and the elastic
modulus seen directly below:
EK = Equation 6.153(1 - 2yu)
where:
K = bulk modulus
E = elastic modulus
Ig=Poisson's ratio
The Poisson's ratio for most materials is between 0.25 and 0.5 (Gere and Timoshenko,
1984). The expected Poisson's ratio for rubber is 0.45-0.50 (Gere and Timoshenko,
1984). The Poisson's ratio for silicone gel is unknown. However, a value between 0.4
and 0.5 seems likely. When the Poisson's ratio reaches 0.5, the bulk modulus becomes
undefined. If a value for Poisson's ratio is assumed to be 0.40, then the resulting system
constant value is M=4,583mm5/kg when E=1,232g/cm 2 . When this value for the
system constant is added to the other components in the corrected theoretical model, a
new value for the time constant is suggested as T=0.25seconds. Although
Mpt=30,550mm5/kg and this new component from the silicone gel does not completely
account for the difference between the experimental and theoretical results, the silicone
gel is a large source of uncertainty.
Thus, the unknown factors concerning the pressure transducer provide a large
source of potential error between the theoretical and experimental model. The unknown
factors concerning the transducer are the following:
1) the exact size of the silicone gel cavity 2) the material properties of the silicone gel
including the bulk modulus, elastic modulus and Poisson's ratio and 3) any other
deformable parts of the transducer which may contribute to the component AVolumeA.
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Other potential sources of error include air bubbles in the system. Any entrapped air in
the system could be a large source of error.
After the theoretical model is reevaluated to account for both the expandability
of Joint B and the silicone gel in the transducer, the new system time constant is
T=0.25seconds. The measured value for the experimental time constant is
T=1.6seconds. This section has identified some potential sources of error which can
account for the difference between the theoretical and experimental values for T.
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Table 6.1: Test Series FR Set-Up
Transducer #1 Transducer #2 Voltage Range
(volts)
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Test Series
FRA 9320 9219 2.56
FRB 9320 9219 2.56
FRC 9320 9219 0.32
FRD 9319 9325 2.56
FRE 9320 9325 2.56
Table 6.2: MTS(I,II,III) Test Set-Up
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Test Group Transducer #1 Transducer #2 Date
(Input) (Output)
MTSI #9325 #9219 3-26-94
MTSII #9325 #9219 4-06-94
MTSIII #9320 #9219 4-17-94
Table 6.3: MTS(I,II,III) Frequency Codes
Code Frenquenr-v (J-)
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Table 6.4: Test Series MTS(I,II,III) Trials
Frequency = 0.05Hz
MTSIISA1
MTSIIFA1
MTSIISA2
MTSIIFA2
MTSIISA3
MTSIIFA3
Frequency = 0.10Hz
MTSIISB 1
MTSIIFB 1
MTSIISB2
MTSIIFB2
MTSIISB3
MTSIIFB3
MTSIIISB4
MTSIIISB5
MTSIIISB6
Frequency = 0.25Hz
MTSIFC1
MTSIFC2
MTSIFC3
MTSIISC4
MTSIIFC4
MTSIISC5
MTSIISC6
MTSIISC7
MTSIIFC7
MTSIISC8
MTSIIFC8
MTSIIISC9
MTSIIISC10
MTSIIISC 11
Frequency = 0.35Hz
MTSIIISD1
MTSIIISD2
MTSIIISD3
Frequency = 0.50Hz
MTSIFE1
MTSIFE2
MTSIFE3
MTSIISE4
MTSIIFE4
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Table 6.4: Test Series MTS(I,II,III) Trials (Continued)
Frequency = 0.50Hz
MTSIIFE5
MTSIIFE6
Frequency = 0.75Hz
MTSIFF1
MTSIFF2
MTSIFF3
MTSIIFF4
MTSIIFF5
MTSIIFF6
Frequency = 0.80Hz
MTSIFG 1
MTSIFG2
MTSIFG3
Frequency = 0.85Hz
MTSIFH1
MTSIFH2
MTSIFH3
Frequency = 0.90Hz
MTSIFI1
MTSIFI2
MTSIFI3
Frequency = 0.95Hz
MTSIFJ1
MTSIFJ2
MTSIFJ3
Frequency = 1.00Hz
MTSIFK1
MTSIFK2
MTSIFK3
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Figure 6.2:
FRA Test Results
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Figure 6.3:
FRB Test Results
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Figure 6.4:
FRC Test Results
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Figure 6.5:
FRD Test Results
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Figure 6.6:
FRE Test Results
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Figure 6.9:
MTS Test Results
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Figure 6.11:
MTSIISA1 and MTSIUFA1 Test Results
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Figure 6.14: Window Transformation for MTSIISC5
0 20 40 60 80 100
Time (seconds)
166
2
F->C,
cv -1
LO
-2
-2
Figure 6.15
Curve-Fit for Magnitude of Experimental Transfer Function
.2 .4 .6 .8
Frequency (Hz)
167
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Chapter 7
Summary, Conclusions, and Recommendations
7.1 Summary and Conclusions
Chapter 1 outlines the scope of this problem. The overview of the project
provides the justification for this evaluation of the time response of pore pressure
measurements. Chapter 1 describes the organization of this thesis. The background
information pertinent to the time response phenomenon is provided by Chapter 2. This
background information includes relevant work in geotechnical, agricultural, and
biomedical engineering. The mathematics which govern the models developed are
explained in Chapter 2.
The theoretical model developed to explain the penetrometer time response
characteristics is derived in Chapter 3. The model is based on a balance of flow
calculation. The model developed is linear, first-order and time invariant. The resulting
equation which governs the normalized pressure versus time is given in Equation 7.1
below (see Equation 3.25). This equation represents the penetrometer's response to a
unit step input function.
y = 1- e Equation 7.1
where:
y = normalized pressure = Output pressure/input pressure
t = time
T = time constant of the system
Using this equation, a value for the time constant can be determined using physical
properties of the penetrometer system. For the case of the proposed penetrometer shaft
with a 40micron porous steel stone, T=0.001 lseconds. The response of the system to
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any arbitrary input function is given by the transfer function of the system. The
magnitude of the transfer function is given by Ogata (1970) as follows:
IY(s)I = 1 Equation 7.241+T 2 ) 2
where:
IY(s)J = Magnitude of transfer function
T = time constant
wo= frequency in radians/second
The transfer function of a system with the form of Equation 7.1 can be determined
using Equation 7.2 if the time constant is known.
Using Equations 7.1 and 7.2 and the discussions from Chapter 3, a proposal for
the components of a penetrometer is given in Chapter 4. Chapter 4 gives the
recommendation for the following:
1) Wagner LPM530 tension/compression load cell with maximum capacity of 1000g
2) Motorola MTS700DP, 1.5psi pressure transducers
3) Stainless steel porous element with permeability of 2.64 x 10-4cm/sec and average
pore size of 40microns
4) Steel tubing for the shaft with inner radius of 2.195mm and a wall thickness of
0.385mm. Length of shaft is 25cm.
Chapters 5 and 6 describe the experimental portion of this project. This portion
of the project is designed to establish the experimental transfer function of the
penetrometer shaft suggested in Chapter 4. In order to accomplish this, pressures are
applied to the penetrometer shaft. The pressures are monitored at the tip of the shaft
and at the other end of the shaft. Input and output functions for the penetrometer
system are established in this manner.
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Chapter 5 describes the set-up and procedures used in the experimental program.
The equipment is selected for its sensitivity, speed, and accuracy. The computer used to
control the acquisition of data is a Hewlett Packard computer with a high speed
voltmeter and an integrating voltmeter. This computer is selected for its ability to
gather data quickly. To test the time response, pressure is applied in two ways: 1) using
a rubber mallet to apply a burst pressure 2) using the MTS Controller to apply
sinusoidal pressures. The test set-up procedure is designed to make sure that the testing
system is free from any water leaks or entrapped air. The penetrometer shaft selected
for the testing in the experimental program is the one described in Chapter 4.
Chapter 6 describes the experimental program. The program includes three test
series: FR, MTS, MTS(II,III). Test series FR establishes the dynamic response of the
Motorola pressure transducers. Test series MTS establishes the ability of the
experimental test set-up to effectively record the input pressure to the penetrometer
shaft. Test series MTS(I,H,HI) applies sinusoidal pressure to the penetrometer shaft
with the 40micron porous element to establish the experimental transfer function.
Test series FR shows the differences among the dynamic responses of the three
Motorola transducers. This test series compares the dynamic response of the
transducers to a burst pressure applied through a rubber mallet. Motorola reports that
the response time of the transducers from 10% to 90% of the pressure input is
0.001seconds. Transducer #9219 shows a very fast response of about 0.001seconds to
the first peak recorded. Transducer #9320 shows about 0.002seconds to the first peak
recorded. The final transducer, #9325 shows about a 0.004seconds dynamic response.
Transducer #9325 does not meet the Motorola specification of a 0.001second response
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time. This means that as long as the time response of the penetrometer system is less
than 0.004seconds, the dynamic response of the pressure transducers does not affect the
results.
Test series MTS establishes the ability of the frequency response system to
accurately record the input pressure. Two transducers are given equal sinusoidal input
pressures using the MTS Controller. If the transducers record the same pressures, then
the time response testing equipment is accurately recording the input pressure. Also,
this test series checks the testing system to make sure that the dynamic effect of the
pressure transducers is small enough to be negligible. Through test series MTS, both of
these facts are verified: the input sinusoidal pressure is accurately recorded and the
dynamic response of the pressure transducers is negligible for a pulse of the given
duration (approximately 1Hz).
The experimental transfer function is determined through test series
MTS(I,II,II). The magnitude of the transfer function is determined using sinusoidal
input and output pressures to the penetrometer system. The data are used to establish a
curve of the form of Equation 7.2. The experimental time constant determined for the
penetrometer system with the 40micron porous stone is T=1.6seconds. In order to
compare the theoretical and experimental time constants, the theoretical time constant
must be adjusted to account for the expandability of Joint B in the experimental set-up.
After the theoretical time constant is adjusted to account for the expandability of Joint
B, the corrected time constant is Tc=0.0215seconds.
The large discrepancy between the theoretical and experimental time constants
is attributed to a problem in the modeling of the transducer. Correcting the model of the
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transducer to account for the silicone die coat which surrounds the diaphragm increases
the value of T to 0.25seconds. This correction for the silicone gel assumes material
properties of the gel as follows: E= 1,232g/cm 2 and g=0.4. The true material properties
are unknown and leave a potential source of error. The final difference between the
measured and best estimate of the time constant is believed to be the result of the
unknown deformation characteristics of the pressure transducer. However, the
possibility of some air pockets still exists.
7.2 Recommendations
Due to the large difference between the experimental and corrected theoretical
results, the proposed penetrometer should be examined more thoroughly. The
following are suggestions for modifications to the existing experimental set-up and
recommendations for further work:
1) Determine the reason for the slow response of the experimental system. A
penetrometer shaft with T=1.6seconds has a response which is too slow. A porous
stone with average pore size greater than 40microns could be used to decrease the time
constant.
2) Better characterize the physical properties of the transducer for this and other
applications.
3) Redesign Joint B to be non-compliant using an o-rings seal and collet grip.
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4) Perform a parametric study on the permeability of the porous element, the internal
shaft volume and the type of transducer used:
4A) Test penetrometer shafts with porous elements of varying permeability.
Since the time constant of the system is proportional to the stone thickness and
inversely proportional to the permeability, these stone parameters should be
investigated carefully.
4B) Test penetrometer shafts with varying shaft volumes. The length of the
shaft can be increased to check the effects of the shaft dimensions. Also, the
diameter of the shaft can be altered so that a standard connection will fit
securely.
4C) Attach another type of pressure transducer to verify the theoretical volume
component which depends on the deflection of the transducer diaphragm.
5) Reduce the experimental time constant to be less than 0.05seconds through the
redesign of the penetrometer system.
6) Proceed to the actual penetrometer design.
When the above modifications are made, the experimental transfer function of the
penetrometer system can be reevaluated.
There are several components of the experimental program which functioned
very well and should be used in future laboratory work. The MTS Controller
effectively applies sine waves of pressure. The only adjustment suggested for the MTS
Controller is the improvement of the o-ring seal at the cylinder piston connection to the
frequency response system. The Motorola pressure transducers are quite effective,
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accurate, and inexpensive. They are available in many different ranges from 1.5psi to
100psi. They are resistant to water. Their small size makes them very convenient for
use around the lab. Also, the HP data acquisition system is quite effective. This system
is capable of taking readings very rapidly. Even the 'slow' feature of the computer is
actually quite fast when compared with the MIT Geotechnical Laboratory's central data
acquisition system. Although the high speed voltmeter results show noise in the signal,
the trigger function is very practical for burst tests. Since the data collected using the
HP computer can be converted to ASCII format, it is compatible with other types of
computer systems.
Finally, by altering the experimental program and set-up using the suggested
modifications and maintaining the portions of the set-up which functioned well, a slurry
penetrometer can be developed which has an appropriate time response
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Appendix A:
Program for Data Acquisition
(directly from Germaine and Iglesia, 1987)
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Appendix A: Program for Data Acquisition
(directly from Germaine and Iglesia, 1987)
10 REM CENTRIGUGE DATA ACQUISITION PRGRAM BY JTG AND GRI
2/09/87 REV 3.0
20 REM PROGRAM INCLUDES BOTH FAST AD SLOW READING RATES
30
40
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
ONE
260
slow
270
280
290
300
310
320
330 !
340 REM SET PARAMETERS FOR SLOW READINGS
350 !
360 PRINT TABXY(1,18);"PROVIDE THE FOLLOWINI
THE SLOW READINGS"
370 PRINT TABXY(1,16);" "
380 INPUT "ENTER THE TIME INTERVAL ",Delt
390 INPUT "ENTER THE NUMBER OF CHANNELS T(
400 N_max=INT(100000/N)
401 IF N_max>32000 THEN N_max=32000
410 ALLOCATE V(N_max,N+1)
G INFORMATION FOR
O BE RECORDED",N
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OUTPUT 709;"RESET"
OUTPUT 709;"RESET 200"
CONTROL 1,12;1
DUMP DEVICE IS 702
C$-CHR$(255)&"K"
OUTPUT 2 USING "#,K";C$
Flagl=1
Flag2=0
Flag3=1
DIM Ch(10),Ncp(10),Bch(10),Rch(10),Chlst$[50],Rglst$[70],A$[100]
J=0
Ic-0
REM
PRINT TABXY(32,3);"THIS PROGRAM IS"
PRINT TABXY(38,5);"PART"
PRINT TABXY(37,6);"OF THE"
PRINT TABXY(22,8);"MASSACHUSETTS INSTITUTE OF TECHNOLOGY"
PRINT TABXY(26,9);"GEOTECHNICAL DATA ACQUISITION "
PRINT TABXY(36,11);"SYSTEM"
PRINT TABXY(36,12);"FOR THE"
PRINT TABXY(30,14);"CENTRIFUGE FACILITY"
PRINT TABXY(1,16);"THIS PROGRAM COLLECTS SLOW DATA ANDQUICK BURST"
PRINT TABXY(7,18);"note: limits of a 24hr period, 100,000 readings in
mode & 65,500 readings burst mode."
DISP "PRESS 'return' TO CONTINUE";
INPUT A$
DISP "ENTER THE DATE";
INPUT D$
DISP "ENTER THE TIME (HRS,MIN) ";
INPUT Hrs,Mins
420 FORI=1 TON
430 DISP "ENTER THE CHANNEL NUMBER FOR READING NO. ";I;
440 INPUT Ch(I)
450 NEXT I
460 GOTO 3480
470 !
480 REM SET BURST PARAMETERS
490 !
500 INPUT "DO YOU WANT TO COLLECT A QUICK BURST OF DATA (Y or
N) ",Ans$
510 IF Ans$<>"Y" THEN GOTO 1080
520 PRINT TABXY(1,17);"PROVIDE THE FOLLOWING INFORMATION FOR
THE BURST MODE "
530 PRINT "note:the first channel triggers the readings based on a slope & threshold"
540 Rglst$=""
550 Chlst$=""
560 Flag2=1
570 INPUT "THE NUMBER OF CHANNELS",Nbch
580 PRINT" voltage range is in volts"
590 PRINT" system will AUTORANGE if range = 0"
600 FOR I=1 TO Nbch
610 DISP "THE CHANNEL NUMBER ,VOLTAGE RANGE FOR CHANNEL
NO. ";I;
620 INPUT Bch(I),Rch(I)
630 S=100+Bch(I)
640 Chlst$-Chlst$&VAL$(S)&","
650 IF Rch(I)<>0 THEN GOTO 680
660 Rglst$=Rglst$&"AUTO,"
670 GOTO 690
680 Rglst$=Rglst$&VAL$(Rch(I))&","
690 NEXT I
700 INPUT "THE TRIGGER SLOPE (HL or LH) ",Slp$
710 DISP "THE THRESHOLD VALUE (% of RANGE-which is ";Rch(1);"volts) ";
720 INPUT Tval
730 X=INT(65500/Nbch)
740 PRINT TABXY(1,17);"note: data is stored before & after the trigger
750 PRINT" you can save a maximum of ";X;" values per channel "
760 PRINT" "
770 INPUT "THE NO. OF READINGS before AND after THE TRIGGER
(Npre,Npost) ",Npre,Npost
780 PRINT TABXY(1,17);"note: the scan list (one set of channels) is read ASAP"
790 PRINT" the time between readings in the list is 0.00001 sec"
800 INPUT "THE TIME BETWEEN LAST READING OF A SCAN & FIRST
READING OF NEXT SCAN(sec)",Tdel
810 Btinc=((Nbch- 1)*.00002)+Tdel
820 IF Tdel--=0 THEN Btinc=Btinc+.00001
830 Ptime=Btinc*Npost
840 PRINT TABXY(1,17);"note: you now have a scan period of ";Btinc;"sec (or
";INT(1/Btinc);"scans per second)"
SOC TlT, . _.. " It I T I .I .l t _ A." . . . . . . A . . . .
0 58 PRINT 
and a win 
s
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860
870
880
890
900
910
920
930
940
950
960
970
980
990
1000]
1010
1020(
1030(
1040(
1050(
1060(
1070(1
108C
1090
1100
1110
112C
113(C
114(C
115C
1166C
1170
118C(
1190
120(}
1210
122C
123C
124C
125C
126C
127C
128C
129C
130C
1310
CONTROL 2,2;1
CONTROL 1,12;2
OFF KEY
ON KEY 1 LABEL " START " GOTO 1300
ON KEY 6 LABEL " DISC Recall" GOTO 2680
IF Flag2=-1 THEN ON KEY 8 LABEL " BURST ARMED"
! DIM ARRAYS AND CONFIGURE VOLTMETER
OUTPUT 709;"REAL,V(";N-1 ;")"
OUTPUT 709;"CONF DCV,USE 500"
! OUTPUT 709;"AZERO SGL,USE 500"
A$=""
FOR I=1 TO N
S=400+Ch(I)
A$=A$&VAL$(S)&",
NEXT I
Flag3=2
GOTO 1280
GOTO 1390
REM SLOW READING ROUTINE ACTIVATED WITH START KEY
!
ON KEY 1
ON KEY 4
ON KEY 5
ON KEY 6
ON KEY 7
LABEL "
LABEL "
LABEL"
LABEL "
LABEL"
BYPASS READINGS" GOTO 2500
CHANGE TIME INC" GOTO 2590
CHANGE SCALES" GOTO 1870
SELECT CHANNELS" GOTO 3480
END READINGS" GOTO 2640
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INPUT "ARE YOU HAPPY (Y or N)",Ans$
IF Ans$<>"Y" THEN GOTO 730
REM CONFIGURE HIGH SPEED DVM @ SLOT 200
OUTPUT 709;"USE 200"
OUTPUT 709;"SCANMODE ON; SCTRIG HOLD; FUNC DCV"
OUTPUT 709;"ASCAN OFF; TERM RIBBON"
OUTPUT 709;"RDGSMODE COMPLETE; AZERO ONCE"
OUTPUT 709;"SPER .00002"
OUTPUT 709;"SCDELAY 0,";Tdel
OUTPUT 709;"STTRIG MEAS"
OUTPUT 709;"STSLOPE ";Slp$
OUTPUT 709;"PERC ";Tval
OUTPUT 709;"PRESCAN ";Npre
OUTPUT 709;"POSTSCAN ";Npost
OUTPUT 709;"CLWRITE SENSE," ;Chlst$;"RANGE ";Rglst$
OUTPUT 709;"SCTRIG INT"
OUTPUT 709;"SREAD 200,1"
ENTER 709;S
PRINT S
IF BIT(S,3)<>1 THEN GOTO 1050
GOTO 1870!DRAW FRAME
REM SET FUNCTION KEYS
1320
1330
1340
1350
1360
1370 SET TIME 0
1380 !
1390 REM TAKE READING FROM DATA ACQ
1400 !
1410 DISABLE
1420 IF Flagl=1 THEN J=J+1
1430 OUTPUT 709;"CONF MEAS DCV,";A$;"USE 500,INTO V"
1440 OUTPUT 709;"VREAD V"
1450 V(J,1)=TIMEDATE MOD 86400
1460 FOR 1=2 TO N+1
1470 ENTER 709;V(J,I)
1480 NEXT I
1490 ENABLE
1500 REM DISPLAY AND PLOT READING IN REAL TIME
1510 DISP USING "DDDDD,#";J
1520 DISP USING "DDDDDD,#";V(J,1)
1530 FOR 1=2 TO N+1
1550 IF ABS(V(J,I))>.1 THEN GOTO 1590
1560 DISP USING "DDD.DD,#";V(J,I)*1000
1570 DISP USING "K,#";"m"
1580 GOTO 1600
1590 DISP USING "DDD.DD,#";V(J,I)
1600 NEXT I
1610 FOR I=1 TO Ic
1620 Ip=Ncp(I)+1
1630 MOVE V(J,1),V(J,Ip)
1640 LABEL "X"
1650 NEXT I
1660 DISP
1670 IF J=N_max THEN GOTO 2640
1680 !
1690 REM DELAY CONTROL LOOP AND CHECK FOR BURST TRIGGER
1700 !
1710 IF Delt--0 THEN GOTO 1750
1720 FOR I=1 TO 10
1730 WAIT .1*Delt
1740 NEXT I
1750 IF Flag2<>l THEN GOTO 1850
1760 OUTPUT 709;"SREAD 200,1"
1770 ENTER 709;S
1780 IF BIT(S,7)<>1 THEN GOTO 1850
1790 Btime=TIMEDATE MOD 86400
1800 Btime=Btime-Ptime
1810 ON KEY 8 LABEL " BURST COMPLETE" GOTO 1390
1820 BEEP
1830 GOSUB 3910
1840 Flag2=2
1850 GOTO 1390
1860 !
1870 REM DRAW FRAME AND CHANGE SCALES
1880 !
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1890 OUTPUT 2 USING "#,K";C$
1900 GINIT
1910 PLOTTER IS CRT,"INTERNAL"
1920 GRAPHICS ON
1930 X_max=100*MAX(1,RATIO)
1940 Y_max= 100*MAX(1,1/RATIO)
1950 LORG 6
1960 DEG
1970 LDIR 90
1980 CSIZE 3.5
1990 MOVE 0,Y_max*.6
2000 LABEL "VOLTAGE"
2010 LORG 4
2020 LDIR 0
2030 MOVE X_max*.6,.23*Ymax
2040 LABEL "TIME (sec)"
2050 VIEWPORT .15*X_max,.99*X_max,.30*Ymax,.98*Y_max
2060 FRAME
2070 REM DEFINE WINDOW
2080 INPUT "ENTER MIN X VALUE ",Min_x
2090 INPUT "ENTER MAX X VALUE ",Max_x
2100 INPUT "ENTER MIN Y VALUE ",Miny
2110 INPUT "ENTER MAX Y VALUE ",Max_y
2120 WINDOW Min_x,Max_x,Min_y,Max_y
2130 Dx=Max_x-Min x
2140 Dy=Max_y-Min_y
2150 GRID .02*Dx,.04*Dy,Min_x,Min_y,5,5,.001
2160 CSIZE 2.5
2170 LORG 6
2180 LDIR 0
2190 CLIP OFF
2200 FOR Ii=Min_x TO Max_x STEP Dx/lO10
2210 MOVE li,Miny-.01*Dy
2220 LABEL USING "#,K";Ii
2230 NEXT Ii
2240 LORG 8
2250 FOR Ii=Min_y TO Max_y STEP Dy/5
2260 MOVE Min_x-.02*Dx,Ii
2270 LABEL USING "#,DDD.DDDD";Ii
2280 NEXT Ii
2290 CSIZE 1
2300 LORG 5
2310 IF Flag3= THEN GOTO 2490
2320 GOSUB 3910
2330 Jj=l
2340 IF Jj>J THEN GOTO 2490
2350 IF V(Jj,1)<Min_x THEN GOTO 2470
2360 FOR I=1 TO Ic
2370 Ip=Ncp(I)+l
2380 IF Dy<0 THEN GOTO 2420
2390 IF V(Jj,Ip)<Min_y THEN GOTO 2460
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2400 IF V(Jj,Ip)>Max.y THEN GOTO 2460
2410 GOTO 2440
2420 IF V(Jj,Ip)>Min_y THEN GOTO 2460
2430 IF V(Jj,Ip)<Max_y THEN GOTO 2460
2440 MOVE V(Jj,1),V(Jj,Ip)
2450 LABEL "X"
2460 NEXT I
2470 Jj=Jj+1
2480 GOTO 2340
2490 ON Flag3 GOTO 1100,1390,2770
2500 REM BYPASS DATA
2510 ON KEY 1 LABEL " SAVE READINGS" GOTO 2540
2520 Flagl=0
2530 GOTO 1390
2540 REM KEEP DATA
2550 ON KEY 1 LABEL " BYPASS READINGS" GOTO 2500
2560 Flag1=1
2570 GOTO 1390
2580 !
2590 REM CHANGE TIME INTERVAL FOR SLOW READINGS
2600 !
2610 INPUT "ENTER NEW TIME INTERVAL (sec) ",Delt
2620 GOTO 1390
2630 !
2640 REM DATA PROCESSING ROUTINES AFTER READINGS CONPLETE
2650 !
2660 INPUT "DO YOU WANT TO CONTINUE COLLECTION MODE (Y/N)
",Ans$
2670 IF Ans$<>"N" THEN GOTO 1390
2680 Flag3=3
2690 ON KEY I LABEL " PRINT SCREEN" GOTO 3590
2700 ON KEY 2 LABEL " CHANGE SCALES" GOTO 1870
2710 ON KEY 3 LABEL " SELECT CHANNELS" GOTO 3480
2720 ON KEY 4 LABEL " PRINT DATA" GOTO 2810
2730 ON KEY 5 LABEL " STORE DATA" GOTO 3000
2740 ON KEY 6 LABEL " ENTER DISC" GOTO 3230
2750 ON KEY 7 LABEL " END PROGRAM" GOTO 4010
2760 IF Flag2=2 THEN ON KEY 8 LABEL " ENTER BURST" GOTO 3660
2770 GOTO 2770
2780 !
2790 REM TABULATE DATA TO PRINTER
2800 !
2810 INPUT "DO YOU WANT TO PRINT DATA TO SCREEN (Y/N) ",Ans$
2820 IF Ans$="N" THEN GOTO 2770
2830 PRINTER IS CRT
2840 FOR I1=1 TO J
2850 FOR 12=1 TO N+1
2860 PRINT V(II,I2);
2861 IF I2<(N+1) THEN PRINT ",";
2870 GOTO 2940
2880 IF ABS(V(II,I2))>.1 THEN GOTO 2920
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2890 PRINT USING "DDD.DD,#";V(II,I2)* 1000
2900 PRINT USING "K,#,";"m"
2910 GOTO 2940
2920 OUTPUT @Crt USING "2(K,"","")KJ";V(*)
2930 !PRINT USING "K,#,";"v,"
2940 NEXT 12
2960 NEXT I1
2970 PRINTER IS CRT
2980 GOTO 2770
2990 !
3000 REM WRITE DATA TO DISC
3010 !
3020 INPUT "DO YOU WANT TO STORE DATA (Y/
3030 IF Ans$="N" THEN GOTO 2770
3040 INPUT "ENTER THE FILE NAME",Fil$
3050 !CREATE BDAT Fil$,J+2,(N+1)*8
3051 CREATE Fil$,l
3060 ASSIGN @File TO Fil$
3070 OUTPUT @File,1;N,J
3080 FOR I1= 1 TO N
3090 OUTPUT @File;Ch(I1)
3100 NEXT I1
3110 ALLOCATE Tv(l:J,1:N+1)
3115 !ALLOCATE Check(l:J,1:N+1)
3120 FOR I1=1 TO J
3130 FOR 12=1 TO N+1
3140 !IF I2<N+1 THEN
3141 Tv(I1,I2)=V(II,I2)
3145 !Check(I 1,I2)=V(I1,I2)
3150 !Tv(I1,I2)=2
3160 !END IF
3172 NEXT 12
3174 NEXT I1
3176 OUTPUT @File USING "2(K,"",""),K•";Tv(*)
3177 !PRINTER IS CRT
3178 !PRINT USING "2(K,"",""),KJ";Tv(*)
3180 ASSIGN @File TO *
3190 DEALLOCATE Tv(*)
3192 !OUTPUT @Crt USING "2(K,"",""),KJ" ;Check(*)
3194 !ASSIGN @Crt TO *
3196 !DEALLOCATE Check(*)
3200 INPUT "DATA HAS BEEN STORED. PRESS RE
CONTINUE",Ans$
3210 GOTO 2770
3220 !
3230 REM RECALL FROM DISC
3240 !
3250 INPUT "DO YOU WANT TO ENTER DATA FR(
3260 IF Ans$<>"Y" THEN GOTO 2770
3270 INPUT "ENTER THE FILE NAME",Ofil$
3280 ASSIGN @File TO Ofil$
N) ",Ans$
TURN TO
3M DISC (Y/N) ",Ans$
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3290 ENTER @File;N,J
3300 DEALLOCATE V(*)
3310 ALLOCATE V(J,N+1)
3320 FOR I=1 TO N
3330 ENTER @File;Ch(I)
3340 NEXT I
3350 ON ERROR GOTO 3420
3360 I1=1
3370 FOR 12=1 TO N+1
3380 ENTER @File;V(I1,I2)
3390 NEXT 12
3400 I1=I1+1
3410 GOTO 3370
3420 OFF ERROR
3430 J=I1-1
3440 DISP J;"POINTS HAVE BEEN ENTERED ";
3450 INPUT " RETURN TO CONTINUE",Ans$
3460 GOTO 2770
3470 !
3480 REM DEFINE CHANNEL POSITIONS TO BE PLOTTED
3490 !
3500 INPUT "ENTER NUMBER OF CHANNELS TO BE PLOTTED ",Ic
3510 FOR I=1 TO Ic
3520 DISP "ENTER ";I;"th CHANNEL position TO BE PLOTTED";
3530 INPUT Ncp(I)
3540 NEXT I
3550 ON Flag3 GOTO 500,1390,2330
3560 !
3570 REM DUMP GRAPH TO PRINTER
3580 !
3590 DISP D$,Hrs,";",Mins,";",Secs;
3600 INPUT A$
3610 CONTROL 1,12;1
3620 DUMP GRAPHICS
3630 CONTROL 1,12;2
3640 GOTO 2770
3650 !
3660 REM TRANSFER BURST DATA TO MAINFRAME
3670!
3680 INPUT "remember to store slow data. DO YOU still WANT TO TRANSFER
BURST DATA (Y or N)",Ans$
3690 IF Ans$<>"Y" THEN GOTO 2760
3700 OFF KEY 8
3710 CONTROL 1,12;1
3720 Flag2=0
3730 A=Btime-Npre*Btinc
3740 DEALLOCATE V(*)
3750 ALLOCATE V(Npre+Npost,Nbch+l)
3760 OUTPUT 709;"XRDGS 200"
3770 N=Nbch
3780 FOR I=1 TO Nbch
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3790 Ch(I)=Bch(I)
3800 NEXT I
3810 J=Npre+Npost
3820 FOR I=1 TO J
3830 FOR I1=2 TO Nbch+l
3840 ENTER 709;V(I,I1)
3850 NEXT I1
3860 V(I,1)=Btinc*(I- 1)+A
3870 NEXT I
3880 CONTROL 1,12;2
3890 GOTO 2760
3900 !
3910 REM PRINT TRIGGER ON PLOT
3920 !
3930 CSIZE 2.5
3940 LORG 1
3950 MOVE Min_x,Min_y-Dy*.1
3960 LABEL "TRIGGER AT";Btime;"SEC"
3970 CSIZE 1
3980 LORG 5
3990 RETURN
4000 !
4010 REM END OF PROGRAM
4020 !
4030 INPUT "ARE YOU FINISHED (Y or N) ",Ans$
4040 IF Ans$<>"Y" THEN GOTO 2760
4050 STOP
4060 END
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Figure B.1: Legend for figures in Appendix B
(All data is collected using the high speed voltmeter)
* PT#9325
* PT#9219
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Figure B.2: MTSIFC(1-3)
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Figure B.3: MTSIFE(1-3)
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Figure B.4: MTSIFF(1-3)
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Figure B.5: MTSIFG(1-3)
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Figure B.6: MTSIFH(1-3)
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Figure B.7: MTSIFI(1-3)
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Figure B.8: MTSIFJ(1-3)
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Figure B.9: MTSIFK(1-3)
MTSIFK1
-:~  _T.-r.-~I''--T-?-` j·-,..- .r ·
17.5 !8 18.5 19 19.5
Time (seconds)
MTSIFK2
.5 9 9.5 10 10.5 11
Time (seconds)
MTSIFK3
i ................... ......... ...... ....I.. .... ..- 1..... ..•.  -..
13 13.5
Time (seconds)
198
14 14.512 12.5
17
a
5-U,
nU.
a,
-2
-4
8
O 2
U,
U,
a,
- 0
a' -2
-4
i i
... . . . . . ...-.
0,
-4
Appendix C:
Data from Test Series MTSII
199
Figure C.1: Legend for figures in Appendix C
Legend for all figures in Appendix C run using the integrating voltmeter (MTSIIS):
- PT#9325
- PT#9219
Legend for all figures in Appendix C run using the high speed voltmeter (MTSIIF):
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* PT#9325
* PT#9219
Figure C.2: MTSIISA1, MTSIIFA1 and MTSIISA2
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Figure C.3: MTSIIFA2, MTSHSA3, and MTSIIFA3
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Figure C.4: MTSIISB1, MTSIIFB1, and MTSIISB2
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Figure C.5: MTSIIFB2, MTSILSB3, and MTSIIFB3
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Figure C.6: MTSIISC4, MTSIIFC4, and MTSIISC5
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Figure C.7: MTSIISC6, MTSIISC7,
MTSIISC6
and MTSIIFC7
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Figure C.8: MTSIISC8, MTSIIFC8, and MTSIISE4
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Figure C.9: MTSIIFE4, MTSIIFE5, and MTSIIFE6
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Figure C.10: MTSIIFF(4-6)
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Figure D.1: Legend for figures in Appendix D
All test in Appendix D run using the integrating voltmeter.
7- PT#9320
------ PT#9219
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Figure D.2: MTSIIISB(4-6)
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Figure D.3: MTSIIISC(9-11)
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Figure D.4: MTSIIISD(1-3)
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